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F""-. ■ Abstract 

o 

Up to now chiral type IIA vacua have been mostly based on intersecting D6-branes wrapping 
special Lagrangian 3-cycles on a CY3 manifold. We argue that there are additional BPS D- 
branes which have so far been neglected, and which seem to have interesting model-building 



features. They are coisotropic D8-branes, in the sense of Kapustin and Orlov. The D8-branes 



^ ■ wrap 5-dimensional submanifolds of the CY3 which are trivial in homology, but contain a 

worldvolume flux that induces D6-brane charge on them. This induced D6-brane charge not 
only renders the D8-brane BPS, but also creates D = 4 chirality when two D8-branes intersect. 
We discuss in detail the case of a type IIA T 6 /(Z2 x Z2) orientifold, where we provide explicit 
examples of coisotropic D8-branes. We study the chiral spectrum, SUSY conditions, and effective 
field theory of different systems of D8-branes in this orientifold, and show how the magnetic 
fluxes generate a superpotential for untwisted Kahler moduli. Finally, using both D6-branes 
and coisotropic D8-branes we construct new examples of MSSM-like type IIA vacua. 



1 On leave from Departamento de Ffsica, Facultad de Ciencias, Universidad Central de Venezuela, A. P. 
20513, Caracas 1020-A, Venezuela. 



1 Introduction 



One of the most popular techniques to obtain D = 4 chiral string compactifications is the 
construction of type IIA orientifolds with D6-branes intersecting at angles [1,2] (see [3] for 
reviews on this subject). The building blocks in these constructions are BPS D6-branes, 
wrapping 3-cycles corresponding to special Lagrangian submanifolds in a CY 3 . In this 
way one can obtain semirealistic three generation models with a low-energy spectrum 
quite close to that of the MSSM. Remarkably simple and successful are the intersecting 
brane models based on the T 6 /Z 2 x Z 2 orientifold [4]. In particular, it was shown in [5] 
that a simple local set of D6-branes leading to a MSSM-like spectrum [6, 7] can be simply 
embedded into this orientifold background. 

Here we would like to point out that, while the above type IIA picture is rather 
compelling, it is in fact far from complete. In particular, we will show that there are 
other BPS D-branes in these backgrounds, and whose model building applications have 
been ignored up to now. These are nothing but BPS D8-branes, wrapping coisotropic 
5-cycles in the CY 3 and with a non-trivial magnetic flux in their internal worldvolume. 

Coisotropic A-branes were first introduced by Kapustin and Orlov [8] in the context 
of topological string theory, and seem to be required for a complete formulation of the 
Homological Mirror Symmetry conjecture. Here we will be interested in the particular 
case of D8's wrapping coisotropic 5-cycles in a CY 3 . That such Dp-brane exists may look 
surprising at first sight, since all 5-cycles in a generic CY 3 are homologically trivial and 
one would not expect a stable object constructed out of them. However, as we will discuss 
in detail, coisotropic D8-branes are not only stable but also BPS, and this is because the 
magnetic flux on the D8-brane induces a non-trivial D6-brane charge on its worldvolume. 

Coisotropic D8-branes have several interesting properties. Chirality arises in D8-D8 
or D8-D6 systems due to a mixture of intersecting/magnetization chirality mechanisms. 
Because of this, Yukawa couplings among chiral fields are generated by a combination of 
wavefunction overlapping and open string world-sheet instantons. In addition, the BPS 
conditions on the coisotropic branes give rise to constraints which in the effective field 
theory may be interpreted as F and D-term cancellation. We will explicitly compute such 
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F and D-terms in the particular case of the T 6 /Z 2 x Z 2 orientifold, where most of our 
discussion will be based. Unlike in the case of D6-branes at angles we will see that the 
F-term generated for D8-branes is non-trivial, and that it involves the untwisted Kahler 
moduli of the compactification. 

From the model-building point of view these D8-branes also present a number of 
advantages over analogous models with only D6-branes at angles. In particular, the D6- 
charge carried by coisotropic D8-branes is not of the form (3-cycle) = (1-cycle) x (1-cycle) 
x (1-cycle), but rather a sum of two of these. This adds flexibility to the model-building 
and allows for possibilities not available with standard D6-branes, as we will show by 
means of explicit examples. Finally, the presence of D8-brane generates a superpotential 
for the Kahler moduli and some open string moduli of our compactification, without the 
need of closed string NSNS or RR fluxes. Notice that the constructions here discussed 
are CFT's, unlike the compactifications in which closed string fluxes are added. 

The structure of the paper is as follows. In the next section the notion of coisotropic 
Dp-branes is reviewed and we argue why there should exist coisotropic D8-branes in 
generic CY 3 's. In Section 3 we discuss in detail the cases where our compact manifold 
is T 6 and its Z 2 x Z 2 orbifold, constructing explicit examples of BPS D8-branes on both 
backgrounds. We analyze the constraints coming from the BPS conditions of such D- 
branes and derive the RR tadpole cancellation conditions. In Section 4 we discuss how 
chiral fermions appear at the overlap of D8-branes with some other D8 or D6-branes, and 
show that their multiplicity can be computed as the intersection number of two 3-cycles. 
Some aspects of the M = 1 effective field theory of coisotropic D8-branes are examined in 
Section 5, including a discussion on the gauge kinetic function, F- and D-terms, massive 
f/(l)'s and Yukawa couplings. Section 6 illustrates possible model-building applications of 
coisotropic D8-branes. In particular we present two 3-generation MSSM-like models based 
on both coisotropic D8-branes and intersecting D6-branes. Finally, in section 7 we analyze 
the T-duals of the present constructions, and in particular the mirror type I vacua where 
coisotropic D8-branes become tilted D5-branes or D9-branes with off-diagonal magnetic 
fluxes. Some final comments are left for Section 8, whereas in Appendix A we briefly 
review the formal definition of coisotropic branes. 
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2 Coisotropic D8-branes 



Let us consider type IIA string theory compactified on a Calabi-Yau three-fold Me- If 
we are interested in obtaining a -D = 4 semi-realistic effective theory, we need to embed 
the Standard Model gauge group and matter content in our construction. This cannot 
be achieved by just considering closed strings [9], but we need to include space-filling D- 
branes in this setup. If, in addition, we aim to construct an Af = 1 effective field theory, 
we need to consider BPS, space-filling D-branes. 

In principle, type IIA theory contains three different kinds of D-branes which may 
be both space-filling and BPS: D4, D6 and D8-branes. However, if our compactification 
manifold A4 6 has proper SU(3) holonomy, one would never think of obtaining a BPS 
D-brane out of a space-filling D4-brane. The reason is that for such manifolds b x = 0, 
and then our D4-brane (which is wrapping a 1 -cycle of M.%) would couple to a RR- 
potential C5 without zero modes. This implies that the Chern-Simons action for a space- 
filling D4-brane vanishes, and so D4-branes wrapped on 1-cycles cannot carry any central 
charge. In practice, this is summarized by stating that D4-branes wrap 1-cycles which 
are 'homologically trivial'. 1 

The situation is quite different for D6-branes wrapping 3-cycles of Mq. Here, because 
bz{M.o) 7^ 0, the Calabi-Yau background gives rise to a plethora of central charges, which 
are classified by the elements of H 3 (Ais, M). The BPS conditions for such D6-brane can 
be expressed in terms of the holomorphic and Kahler forms Q and J [10], and read 



where the background forms f2, J and the metric G are pull-backed to the 3-cycle n3 

wrapped by the D6-brane. In the language of special holonomy manifolds, these two 

conditions mean that n 3 is a special Lagrangian submanifold of A4q, with a flat bundle 

T = 2ira'F + B. Finally, from the point of view of the D=A gauge theory arising from the 

D6-brane, these BPS conditions can be rephrased as D-flatness and F-flatness equations. 

1 Such terminology is somewhat misleading, because a D4-brane could still be wrapping a torsional 
1-cycle of M.%. 



n = 



<fvol 3 



(2.1) 



F + iJ = 



3 



More precisely 



D — flatness 



Imft = 



(2.2) 



F — flatness 







One would naively say that D6-branes wrapping special Lagrangian 3-cycles exhaust 
all the possibilities of space-filling BPS D-branes. Indeed, we have already seen that we 
cannot construct them from D4-branes. A similar argument seems to hold for D8-branes, 
which also wrap 5-cycles il 5 C A4q trivial in homology. However, this is not quite true 
because, unlike the D4-brane, a D8-brane is allowed to carry a non-trivial gauge bundle 
F without breaking Poincare invariance. This gauge bundle modifies the Chern-Simons 
action of the D8-brane and, in particular, induces a D6-brane charge on its worldvolume 
[11] (see also [12]). If such D6-brane charge corresponds to a non-trivial element of 
H 3 (Mq, M), then we can have a non-trivial Chern-Simons action via the coupling 



and thus our D8-brane will have a non-trivial central charge, again related to H 3 (A4q, M). 
Hence, we should be able to find a BPS stable object. 

Given our past experience with type IIA orientifold vacua it may seem quite striking 
that, besides D6-branes wrapping special Lagrangians, there could also exist stable D8- 
branes which are mutually BPS with the former. However, this possibility has already 
arisen in the quite different context of topological string theory. Indeed, as described 
in [13] a D-brane wrapping a special Lagrangian (or rather just Lagrangian) n-cycle of 
a Calabi-Yau n-fold is the prototypical example of D-brane in the topological A-model, 
usually dubbed as A-brane. Naively, these are the only boundary conditions which are 
allowed for open strings in the A-model but, as shown by Kapustin and Orlov in [8], this is 
in fact not true. An A-brane does not necessarily wrap a Lagrangian n-cycle, but can also 
wrap a coisotropic (n + 2/c)-cycle, k — 1, . . . , [n/2], if the appropriate worldvolume bundle 
F is introduced. 2 As emphasized by the authors, this fact proves essential in order to 
understand the full spectrum of D-branes in our theory and, in more theoretical grounds, 

to correctly formulate the Homological Mirror Symmetry conjecture. 3 

2 See the Appendix A for a mathematical definition of coisotropic submanifold. 
3 See [14] for a recent perspective of this problem in terms of pure spinors. 




(2.3) 
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All this suggests that our previous BPS D8-brane should in fact correspond to a 
coisotropic D8-brane, in the sense of Kapustin and Orlov. Let us further motivate this by 
analyzing the supersymmetry conditions for coisotropic D-branes, which can be obtained 
either by a worldsheet [8, 15] or a worldvolume approach [16]. In the case of a D8-brane 
on a Calabi-Yau three-fold they can be written as 



<\g\ ~ (2.4) 

(F + ijy = o 

where fl, J and G are now pull-backed over the 5-cycle Il 5 . Notice that, when written in 
this way, the BPS conditions for D6 and D8-branes look extremely similar. 

The D8-brane BPS equations take a particularly suggestive form when the pull-back of 
B vanishes identically, and then T = 2ita'F defines a homology class of 3-cycles [Ilf] via 
Poincare duality in n 5 . This homology class is nothing but the D6-brane charge induced 
by the Chern-Simons coupling (2.3), which can now be written as 

/i 8 / 2na'F A C 7 = /i 6 / C 7 (2.5) 
JM4XU5 </M 4 xnf 



where \i v = (27r)~ p a'~ E 2~ , and ITf is any representative of [Ilf] (the Poincare dual of 
[F/2n]). Because [LTf] is the central charge carried by our D8-brane, it should match the 
D8-brane tension in the BPS limit. This is indeed the case, since by integrating the first 
equation in (2.4) we obtain 

T m = pis / 2na'F A n = /i 6 / Q (2.6) 
JM 4 xU 5 JM 4 xnf 

and so the whole tension of the D8-brane equals that of a D6-brane wrapping a special 
Lagrangian in [Ilf], matching the r.h.s. of eq.(2.5). 

Regarding the second supersymmetry condition, it implies that F A J = 0, and hence 
that Ilf cannot contain any holomorphic non-vanishing 2-cycle. This is automatic for 
Lagrangian 3-cycles, which supports the idea that nf could be seen as a special Lagrangian 
3-cycle in il 5 . In addition, (2.4) implies that T 2 = J 2 on LT5, and this suggests that the 
D8-brane charge and the induced D4-brane charge of a coisotropic D8-brane, measured 
as 



jus / C 9 and /i 8 / FAC 5 (2.7) 
'M 4 xn 5 «/M4xn 5 
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need to be equal in magnitude. 

Finally, we can again rewrite our BPS conditions in terms of D = 4 D-flatness and 
F-flatness conditions, namely [15, 17] 

D-flatness Im (T A Q) = 

V ; (2.8) 
F-flatness {F + iJf = 

While the D-flatness condition of an A-brane is exact at all orders in a', in general we 
would expect to receive a' corrections to the F-flatness condition. This is indeed the case 
for special Lagrangian D6-branes, where the corrections arise from open string world-sheet 
instantons [18]. Although these corrections are less understood in the case of coisotropic 
A-branes, a proposal in terms of generalized Floer homology has been given in [19]. 

To summarize, we have argued that D6-branes are not the only space-filling BPS 
objects in type IIA Calabi-Yau compactifications, and that BPS D8-branes can also exist 
when endowed with the appropriate worldvolume flux F. We have identified such D8- 
branes as coisotropic A-branes, and have used their supersymmetry conditions to further 
motivate our initial intuition. Even in the coisotropic D-brane literature, the fact that 
b 5 = in most Calabi-Yau manifolds has led to believe that stable A-branes of this kind 
do not exist. However, as our previous discussion shows, the fact that n 5 is ho mo logically 
trivial should not be an obstruction to construct a BPS object. This can still be achieved 
if the D-brane charge induced by F is non-trivial in the homology of Ai&. In the next 
section, we will give further evidence of this general picture, by explicitly constructing 
BPS D8-branes in Calabi-Yau manifolds with proper SU (3) holonomy. 

3 Coisotropic D8-branes in type IIA orientifolds 

In this section we provide explicit examples of coisotropic D8-branes. This will not only 
illustrate the discussion above, but also prepare the ground to build Af = 1 vacua based 
on D8-branes. We will consider two different backgrounds, which are T 6 and T 6 /Z 2 x Z 2 . 
Eventually, we will also need to cancel the D8-brane charge and tension without breaking 
supersymmetry. This can be achieved by introducing 06-planes in our compactification, 
that is by applying the usual type IIA orientifold projection on the above backgrounds. 
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3.1 D8-branes on T 6 

There are not many examples of coisotropic D-branes in the literature. Most of the 
constructions are based on compactifications on T 4 [8,20] and K3 [21]. Because these are 
4-dimensional manifolds, the coisotropic D-brane wraps the whole manifold and hence a 
non-trivial 4-cycle. The situation is more involved for a D8-brane on a Calabi-Yau three- 
fold, because in general all the 5-cycles on A4q will be trivial. Two exceptions are T 6 and 
T 2 x K3, where coisotropic D8-branes are known to exist. Again, the known examples 
are very few, so one of our goals will be to classify the set of coisotropic D8-branes in 
these backgrounds. We will now proceed to analyze the case of T 6 , while T 2 x K3 will 
arise later on, when considering D8-branes on T 6 /Z2 x Z 2 . 

Let us then consider type IIA theory compactified on a toroidal background of the 
form (T 2 )i x (T 2 ) 2 x (T 2 ) 3 , where each two-torus has a rectangular shape. This family of 
manifolds is parameterized by six compactification radii, which can be arranged as three 
Kahler and three complex structure moduli. The complex structure moduli irj are pure 
imaginary quantities, and they enter into the holomorphic 3-form as 

n = (4vrV) 3/2 n(^) 1/2 dzl Adz " Adz " ( 31 ) 
j 3 / 

dz j = dx j +iTjdy j (3.2) 

where x J ~ x 3 + 1 and y 3 ~ y J ' + 1 are periodic coordinates, and Re Tj is the area of the j th 
T 2 , in units of 47r 2 o; / . This Kahler modulus is complexified by including the background 
B-field on (T 2 ).,-, so that the combination An 2 a' Tj = Aj + iBj enters the complexified 
Kahler form J c as 4 

3 rp 3 

J c = B + iJ = 4tt V — dzj A d * j = i 4 * 2a ' T i dyj A d%i - ( 3 - 3 ) 

j"=i T j"=i 

Of course, this is just a subspace of the whole T 6 moduli space but, once the Z 2 x Z 2 and 

orientifold projection are implemented, any other T 6 modulus will be projected out. We 

will hence restrict ourselves to the above setup. 

Any 5-cycle of our compactification is of the form II5 = T 5 = S 1 x T 4 , so our D8-brane 

will be wrapping two complex dimensions and a 1-cycle in the third complex dimension. 
4 In our conventions J T6 dx 1 A dx 2 A dx 3 A dy 1 A dy 2 A dy 3 = 1, so that J 3 measures the volume of T 6 . 
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Figure 1: Coisotropic D8-brane on T 6 . 

We will denote such 5-cycle as 

n 5 = (n\ m% x (T 2 )j x (T 2 ) fc , i^j^k^i (3.4) 

where n ! ,m ! G Z are the D8-brane wrapping numbers along the directions x % and y l , 
respectively, and {ijk} are in cyclic permutation of {123}. We now construct a coisotropic 
D8-brane by introducing a non-trivial gauge bundle F = dA on the four-torus (T 2 )j x 
{T 2 )k, such that the supersymmetry conditions (2.4) are satisfied (see figure 1). For 
instance, let us a consider a single D8-brane such that 

IT 5 = (l,0) lX (T 2 ) 2 x(T 2 ) 3 

(3.5) 

F/2vr = dx 2 A dx 3 - dy 2 A dy 3 
A simple computation gives 

F 2 = 47r 2 dx 2 A dy 2 A dx 3 A dy 3 
J C AF = (3.6) 
J2 = -(47r 2 a / ) 2 7 1 2T 3 rfx 2 A dy 2 Ada; 3 A dy 3 

where all powers of J c have been pull-backed to n 5 . The second supersymmetry condition 
in (2.4) then reads 

[T + ijf = (2iia'F + J c ) 2 = « T 2 T 3 = 1 (3.7) 

On the other hand we have that 

fA!i= ^vp n (^) 1/2 (i + ™o ^ < 3 - 8 ) 



where again f2 and the metric G are pull-backed to il 5 . This quantity needs to be pro- 
portional to the D8-brane DBI action, whose square is given by 



, ReT 2 ReT 3 2 



T 2 T 3 - 1| 2 + -(1 + r 2 r 3 ) 

r 2 r 3 



det(G + F) = (4ttV) 5 ^^ 

n 

= (4vrV) 5 n^(l + ^3) 2 (3.9) 
3 J 

where in the second line we have made use of (3.7). Thus, by taking the square root of 
(3.9) we recover the first supersymmetry condition in (2.4) for any values of Ti, t 2 and r 3 . 
Alternatively, one can see that (3.8) is always a real quantity, and hence the D-flatness 
condition in (2.8) is trivial. 

How can we interpret these results? The fact that supersymmetry restricts the Kahler 
moduli is not surprising. As explained above, coisotropic D-branes are BPS because of 
their non-trivial worldvolume flux F. If we take our internal manifold to the decom- 
pactification limit, F will be extremely diluted and we will approach the limit F — 0, 
where the D-brane is not BPS. 5 Hence the supersymmetry conditions of a coisotropic 
D-brane should constrain the Kahler moduli of the compactification. As will be discussed 
in Section 5, this can be understood in terms of a D-brane generated superpotential. 

Notice that our coisotropic D8-brane (3.5) factorizes as a product of a 1-cycle on T 2 
and a 4-dimensional coisotropic D-brane on T 4 : 

n 4 = (T 2 ) 2 x (T 2 ) 3 

K ' K ' (3.10) 
F/2tx = dx 2 A dx 3 - dy 2 A dy 3 

Actually, such example of T 4 coisotropic D-brane was already given in [8], and analyzed 
in great detail in [20]. There is also a K3 analogue of (3.10), dubbed in [21] as canonical 
coisotropic D-brane. An interesting fact is that the D-brane charge induced by F, given 
by its Poincare dual on T 4 , is 

[nf] = [(1, 0) 2 x (1, 0)3] + [(0, 1) 2 x (0, -1)3] (3.11) 



5 More precisely, this statement is only true for proper SU(3) holonomy manifolds like T 6 /Z2 x Z2. 
This is not the case of T 6 , where we have a extended bulk supersymmetry and a D8-brane on (3.4) with 
F = is always BPS. The correct statement is then that such D8-brane does not preserve the same 
supersymmetry as a D6-brane at angles. 
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This is not the homology class of any factorizable 2-cycle (n 2 ,m 2 ) x (n 3 ,m 3 ) considered 
in the intersecting D-brane framework, but rather a sum of two of them. These homology 
classes which are not factorizable as a product of 1-cycles arise in intersecting D-brane 
models when we consider two D-branes that have been through a recombination process 
[22,23]. However, such recombined D-branes are not exact boundary states of the theory 
and hence it is much harder to analyze their physics (or even to prove their existence) 
than in the usual factorizable case. On the other hand, the coisotropic D-brane will 
naturally carry these non-factorizable charges, while it can still be described as an exact 
CFT boundary state. 

In fact, all these observations made for the example (3.5) hold in general. First, any 
coisotropic D8-brane on T 6 can be seen as a product of a 1-cycle and a coisotropic D-brane 
on T 4 . Second, the worldvolume flux F on this T 4 induces a D6-brane charge of the form 

[nf] = [{n\m%]®[W k \ (3.12) 

where is a Lagrangian, non-factorizable 2-cycle on (T 2 )^ x (T 2 ) k . In fact, any non- 
factorizable 2-cycle can be decomposed as a sum of two factorizable 2-cycles [24], so we 
finally have that 

[nf] = [«m^]®[n- + nf] 

= [(n\ 171%} ® [(<, mi),j(n k a , m k a ) k + (nj, m 3 p )j(n% m k p ) k ] 

where the intersection number 1^ = —(n 3 a m^ — n^ j3 m 3 a ){n k x m k p — n^m^) is nothing but 
I(t 2 ) x(T 2 ) fe F 2 /4ir 2 , and so it cannot vanish. Finally, such coisotropic D8-brane is made 
up of a flat submanifold and a constant worldvolume flux, so it can be described by an 
exact boundary state. 

An advantage of this intuitive picture is that it helps producing some new examples of 
coisotropic D8-branes. Indeed, we just need to choose the ten wrapping numbers above 
such that, for some choice of complex structure Tj, the two factorizable 3-cycles in (3.13) 
are mutually supersymmetric, or 



Ar S \J(ni,mi) dz% ) = 01 



( , Ox + 02 = mod 2tt (3.14) 

Arg ( J dz j A dz k ) = Arg ( J u p dz 3 A dz k \ = 9 2 
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where again {ijk} is a cyclic permutation of {123}. By taking F/2ir as the Poincare dual 
of (3.13) in n 5 we would get a coisotropic D8-brane satisfying the D-flatness condition in 
(2.8), and by imposing 

T r T k = I% (3.15) 

we will also satisfy the F-flatness condition. 

On the other hand, the decomposition of a non-factorizable 2-cycle is not unique, and 
so the wrapping numbers in (3.13) are not all independent. In addition, the conditions 
(3.14) are stronger than the D-flatness condition, and one can find examples of BPS 
D8-branes that cannot be written in such form. It turns then more useful to describe a 
D8-brane directly in terms of the 5-cycle (3.4) and a general constant U(l) bundle F as 

n 5 = {n\m% x (T 2 ),- x (T 2 ) fe , 
F/2tx = n xx dx j A dx k + n xy dx j A dy k + n yx dy j A dx k + # dyi A dy k (3.16) 
+ m xy > j dx j A dy j + m xy > k dx k A dy k 

where all the n's and m's are integer numbers, and {ijk} is again a cyclic permutation of 
{123}. It is easy to see that the F-flatness condition now reads 

(Tj + im xy ' j ) ■ (T fc + im xy ' k ) = n xy n yx - n xx n yy (3.17) 

and so the only effect of m xy ' j , m xy ' k is to shift the B-field by an integer number. For this 
reason we will set m xy ^ = m xy,k = from now on, and describe a coisotropic D8-brane a 
in terms of the six integer numbers 

D8 a : K,m% x {n x a x ,n x a y ,n yx ,n yy ) jk (3.18) 

defined by (3.16). Comparing with the description (3.13), we find the identifications 



n 



yy = —(nljia + npUp) n xx = —(m^m^ + m^rrip) 



(3.19) 



n xy = m 3 a ria + m^n^ n yx = n^m 1 ^ + n^rn^ 

In the notation (3.18) we also have that the pull-back of T A f2 reduces to 

T A n = c ■ (n l + inm 1 ) {n xx TjT k + in xy r 3 + in yx r k - n yy ) rfvoln 5 (3.20) 

where eel, and hence the D-flatness condition reads 

m l n yy r t - n l n xy Tj - n l n yx r k = rrfn^nr^ (3.21) 
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plus the additional condition ReF A Q > 0. As we will see below, in the case of the 
Z 2 x Z 2 orbifold a coisotropic D8-brane can also be defined by the same set of integer 
numbers (3.18), and the chiral spectrum as well as the effective field theory quantities of 
a D8-brane configuration will only depend on them. 

Finally, we are interested in introducing 06-planes in our theory. For this we mod out 
our toroidal compactification by the orientifold action WZ(—1) Fl ) where Vt is the usual 
world-sheet parity, Fl stands for left-handed spacetime fermion number, and 1Z is the 
antiholomorphic involution 

K : (z\z 2 ,z 3 ) ^ (z\z 2 ,z 3 ). (3.22) 

In general, a magnetized D8-brane will not be left invariant under this orientifold action, 
so we need to include its orientifold image, given by 6 

D8 a , : (-<, m\) t x (-<*, n?, nf, -nf ) jk (3.23) 

Notice that in some cases like (3.5) a D8-brane is mapped by Q1Z(— 1) Fl to an anti- 
D8-brane, so the total D8-brane charge vanishes. Nevertheless, it is easy to check that if 
D8 a satisfies the supersymmetry conditions (3.17) and (3.21) so will D8 a i, so both D-branes 
are BPS objects. 

3.2 D8-branes on T 6 /Z 2 x Z 2 

The fact that we can construct coisotropic D8-branes in T 6 is perhaps not surprising, given 
that in this compactification manifold 65 = 6 and then D8-branes can wrap non-trivial 
5-cycles. One may then wonder how a similar construction could be carried in general 
Calabi-Yau manifolds, where 65 = and any 5-cycle H5 will be trivial in homology. 

In order to get more intuition about this problem, we can consider manifolds close to 
T 6 while carrying proper 577(3) holonomy. These are toroidal orbifolds of the form T 6 /T, 

where T C 5*0(6) is a discrete subgroup of SU(3) but not of SU(2). A simple example is 
6 The orientifold action which takes D8 a to D8 a < may be not obvious at this stage, but is quite easy 
to understand from the mirror type I picture, which will be discussed in Section 7. 
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given by the orbifold T 6 /Z 2 x Z 2 , with the Z 2 x Z 2 generators acting as 




- (-*\-*V) 



(3.24) 



(3.25) 



and where is the complex coordinate associated to (T 2 );. Just as in [4], we will consider 
the choice of discrete torsion such that each Z 2 xZ 2 fixed point contains a collapsed 2-cycle, 
and so the complete orbifold cohomology is given by (h u , h 2 i) = (51, 3). 

Following the usual strategy for describing D-branes on orbifolds [25] , we can construct 
a coisotropic D8-brane in T 6 /Z 2 x Z 2 by considering a D8-brane on the covering space 
T 6 , then adding its images under Z 2 x Z 2 , and finally quotienting our theory by the 
orbifold action. If the D8-brane is not placed on top of any fixed point and has non- 
trivial Wilson lines, all the images are different and we are dealing with a bulk D8-brane 
whose gauge group is 27 (1). Notice that this also applies to a D6-brane at angles, although 
there is one important difference. The homology class of a D6-brane [n 3 ] = [(ra^m 1 ) x 
(n 2 ,m 2 ) x (n 3 ,m 3 )] is invariant under the full orbifold action (3.24), (3.25), while this is 
not true for a D8-brane. For instance, in our T 6 example (3.5), the homology class [n 5 ] 
is mapped into — [n 5 ] by the action of 9, while F is mapped to —F. On the other hand, 
the action of uj leaves these two quantities invariant. It is easy to see that one gets the 
same kind of behavior for any coisotropic D8-brane. This can be understood by the fact 
that a coisotropic D8-brane on T 6 will carry D8, D6 and D4-brane charges, which can 
be described by homology classes of 5, 3 and 1-cycles on T 6 . When quotienting by the 
Z 2 x Z 2 orbifold group the non-trivial 5 and 1-cycles will be projected out, and so the total 
D8 and D4-brane charges (2.7) should vanish. On the contrary, the induced D6-brane 
charge (2.3) will survive the orbifold projection, as can be appreciated from table 1. 

However, bulk coisotropic D8-branes are not very interesting from the model-building 
point of view. The reason is that, as we will show in the next section, the chiral spectrum 
of a coisotropic D8-brane only depends on the D6-brane charge that it carries. Bulk 
coisotropic D8-branes carry bulk D6-brane charges and, as implicit in [4] , bulk D6-branes 
do only give rise to models with an even number of chiral families. Hence we would never 
achieve a three-family model out of bulk coisotropic D8-branes. 
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(i = l) 


D8 charge 


D6 charge 


D4 charge 


Hi 

uja 
9a 
uj9a 


[ ii 5j 

[n 5 ] 
-[n 5 ] 
-[n 5 ] 


XX\ F \ 

[ 11 3 J 

[nf] 
[nf] 
[nf] 


L 1J -i J 

[nf] 
-[nf 2 ] 
-[nf] 



Table 1: D-brane charges of a coisotropic D8-brane of the form (3.4), when embedded 
as a bulk D-brane on the Z 2 x Z 2 orbifold. Here [nf ] is defined as the Poincare dual of 
[F/2n] in n 5 , while [nf 2 ] is the Poincare dual of [F 2 /4ir 2 ]. This table holds for the case 
where i — 1 in (3.4), while in the cases % = 2 and i = 3, the roles of 9, uj and Quo are 
interchanged. 

The way out is to consider D8-branes which are fractional with respect to the Z 2 x Z 2 
orbifold action, and so they can carry fractional D6-brane charge. Recall that in this 
particular choice of Z 2 x Z 2 orbifold fractional D6-branes are \ bulk D6-branes [26,27], 
and so will be the case for fractional D8-branes. Indeed, from table 1 we see that only 
the action of one generator of Z 2 x Z 2 leaves a D8-brane invariant, while the other maps 
it to its anti-D8-brane. Hence, a D8-brane can only be fractional with respect to a Z 2 
subgroup of Z 2 x Z 2 . 

For concreteness, let us consider a D8-brane of the form (3.4) and with i — 1, so that 
it is left invariant by the action of uj. Generically, such D8-brane will not be on top of 
any ^-fixed point in (T 2 ) 1; and so locally it will not know about the action of 9. It can 
thus be described by a 5-cycle of the form (see figure 2) 

n 5 = (n 1 ,™ 1 ) x T 4 /Z£ C T 2 x T 4 /Z£ ~ T 2 x K3 (3.26) 

where Z£ stands for the Z 2 subgroup of Z 2 x Z 2 generated by uj, and so T 2 x K3 can be 
seen as the covering space of T 6 /Z 2 x Z 2 before quotienting by 9. We can then describe 
a coisotropic D8-brane in T 6 /Z 2 x Z 2 in terms of a D8-brane in T 2 x K3 plus its image 
under 9. Moreover, because the worldvolume flux F is fully contained inside K3, this 
D8-brane can be understood as a product of a 1-cycle in T 2 and a coisotropic D-brane on 
K3. 
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Figure 2: Fractional coisotropic D8-brane on T 6 /Z 2 x Z 2 . 

Let us now see which D6-brane charge is carried by a fractional D8-brane. The only 
difference with the toroidal case is that [F/2tt] is now an element of iJ 2 (K3,Z), rather 
than of if 2 (T 4 , Z). As a result, the D6-brane charge is again of the form (3.12), but now II2 
should be seen as a Lagrangian 2-cycle of K3. As explained in [28], the difference between 
ii 2 (T 4 , Z) and if 2 (K3, Z) amounts to including fractional D-branes in the orbifold T 4 /Z 2 . 
More precisely, if 2 (T 4 , Z) is a sublattice of if 2 (K3, Z) which corresponds to bulk D-branes 
in T 4 /Z 2 . The elements of if 2 (K3,Z) that are not in iJ 2 (T 4 ,Z) contain the 'minimal' 
2-cycles of K3 and, in the orbifold limit T 4 /Z 2 , they have the form 

n£ =\^ + \\Y, ( 3 - 27 ) 

Went J 

where IT 2 is a bulk 2-cycle, inherited from the 2-cycles on T 4 that survive the Z 2 action of 
to. stand for the 4x4 fixed points of T 4 /Z 2 or, more precisely, the 16 collapsed P^s 
that arise from such singularities. In general not all the collapsed 2-cycles contribute to 
(3.27), but only those which are crossed by n 2 . The phases 6y = ±1 then correspond to 
the two possible orientations with which the two-cycle can wrap around the blown-up P 1 
labeled by ij. Because (3.27) contains the exceptional 2-cycles Ufj, a D-brane wrapped on 
it is stuck at the fixed points of T 4 /Z 2 , and in fact corresponds to a | fractional D-brane 
of the T 4 /Z 2 orbifold. Taking all the phases positive corresponds to choosing one 
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Chan-Paton phase, while taking them all negative corresponds to choosing the opposite 
one. The intermediate choices of e^-'s are constrained by consistency conditions, and they 
can be understood as discrete Wilson lines turned on. See, e.g., [28,29] for more detailed 
discussions. 

Given this description of a fractional D-brane it is now clear how to construct a 
coisotropic D8-brane with fractional D6-brane charge. We first consider a fractional D8- 
brane of the form (3.26) and then a pair of minimal 2-cycles (nf) and (nf)' 3 such that 
(3.12)-(3.14) are satisfied. Just as in the toroidal case, our worldvolume flux F will be 
given by the Poincare dual of [(ITf) ] + [(nf)^] in n 5 , which means that [F/2ir] will be 
an element of # 2 (K3,Z) but not of the sublattice # 2 (T 4 ,Z). That is, F will be of the 
form 

F fr = -F h + -F tw (3.28) 

where F h is an element of i? 2 (T 4 , Z) and F tw is the Poincare dual of a sum of exceptional 
2-cycles e ij ^Uj i n K3 which, in the orbifold limit T 4 /Z 2 , can be associated to the 
twisted sectors of the theory. For simplicity, we will choose all the phases to have the 
same sign, which amounts to not turning any discrete Wilson line. 

The pair (n 5 , F fr ) is a coisotropic D8-brane which is fractional with respect to u, but 
in order to have a well-defined object we still need to add its image under 9. From the 
toroidal case we know how n 5 and F h transform under the action of 9. The behavior 
of F tw is more subtle and depends on the choice of discrete torsion. Recall that in a 
Z 2 x Z 2 orbifold the choice of discrete torsion amounts to specifying the action of 9 on 
the collapsed P^s of K3 ~ T 4 /Z£. The two possibilities are 

g . pi ^ ^pi ( 3> 29) 

with 7] = ±1. In our case r] — 1, i.e., the collapsed two cycles do not change orientation 

under the action of 9, and so the phases in (3.27) do not change when we consider the 

image of H"^ under 9. We similarly find that the action of 9 on a fractional coisotropic 
D8-brane is given by 

[n 5 ] £ -rn 5 ] 

1 5J 1 5J (3.30) 

|F b + |F tw & -|F b + 2F tw 
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where we have chosen F h as in (3.18). The choice rj = 1 then implies that, while the 
untwisted D6-brane charge is left invariant under the action of 0, the twisted D6-brane 
charge is flipped by a minus sign, and so the total twisted D6-brane charge vanishes (see 
table 2). This is indeed what we would expect, since for this choice of discrete torsion 
the RR twisted fields coupling to an A-brane are projected out, and hence such D-brane 
should not carry any twisted charge. 



(i = l) 


D8 charge 


D6 charge 


tw. D6 charge 


D4 charge 


a 

9a 


[n 5 ] 
-[n 5 ] 


[nf] 
[nf] 


[nf w ] 
-[n 3 H 


[nf] 
-[nf] 


a 

9a 


[n 5 ] 
-[n 5 ] 


pn 
[n 3 n 


-[nfl 
[nf w ] 


[nf] 
-[nf] 



Table 2: D-brane charges of a fractional coisotropic D8-brane and its image under 9, 
given the choice of discrete torsion rj — 1. The upper two rows represent a Z2 -fractional 
D8-brane a with a definite choice of Chan-Paton phase (say a = +1), while the two lower 
rows correspond to the opposite choice (a = —1). These four D8-branes are then the 
constituents of a bulk coisotropic D8-brane. 

We can now understand a bulk D8-brane in term of its fractional components, as 
shown in table 2. Indeed, in order to construct a bulk coisotropic D8-brane we need to 
consider a fractional D8-brane a with some choice of Chan-Paton phase a and a second 
D8-brane a with the opposite choice of a. We then add their images under 9 and obtain 
a coisotropic D8-brane in the regular representation of the Z 2 x Z 2 orbifold group. Notice 
that each of the pairs (a, 9a) and (a, Oa) has vanishing D8, D4 and twisted D6-brane 
charge. In addition, each pair generates a U(l) vector multiplet, and there are no gauge 
bosons arising from open strings in mixed sectors like ad. Hence the total gauge group of 
a coisotropic D8-brane in a regular representation is given by U(l) x U{\). In particular, 
this means that when a bulk D8-brane approaches an orbifold singularity its gauge group 
gets enhanced as 

17(1) — ► 17(1) x 17(1) (3.31) 
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in contrast to the enhancement U(l) — > U(2) that occurs for D6-branes [26]. As seen 
above, each of the U(l) factors in (3.31) can be seen as an independent D8-brane whose 
net RR charges are those of a fractional D6-brane. More precisely, the net RR charge of 
a pair (a, 9a) is given by [nf b ], which is specified by the six integer numbers (3.18) of 
the previous T 6 case. These fractional D8-branes will be the building blocks that we will 
consider in order to construct Af = 1 chiral models. 

In fact, F b will be the only quantity to consider when constructing a fractional BPS 
D8-brane in T 6 /Z 2 x Z 2 , rather than the full F fr . This can be seen from the fact that 
F h is the only worldvolume flux present for a generic bulk D8-brane. Taking such bulk 
D8-brane to an orbifold singularity and splitting it as in table 2 should not affect its 
BPSness. Thus, if a bulk D8-brane is BPS for some choice of closed string moduli so will 
be its fractional components. These fractional components inherit the same F h as the 
bulk D8-brane, but now have a new contribution to F coming from F tw . By construction, 
the latter should not be involved in the supersymmetry equations (2.4). 

A more direct way to reach the same conclusion is to follow the standard procedure 
to construct D-branes on orbifolds [25]. According to such prescription, the BPSness of 
a fractional D-brane on T 6 /Z 2 x Z 2 is specified by its BPSness in the covering space T 6 , 
with the only condition that the supersymmetry preserved by such D-brane on T 6 needs 
to be compatible with the bulk supersymmetry preserved by the Z 2 x Z 2 action. Again, 
if a magnetized D8-brane is BPS or not in T 6 only depends on n 5 and in F h , and so the 
precise form of F tw will not matter when constructing a BPS D8-brane. 7 

To summarize, we should only concentrate on II5 and F h when applying the D-flatness 
and F-flatness conditions for a fractional coisotropic D8-brane. Because both quantities 
are specified by the toroidal quanta (3.18), we will obtain similar constraints on the 
untwisted Kahler and complex structure moduli as those found for the T 6 case. In fact 
we will see that, for most purposes, we can treat a fractional D8-brane on T 6 /Z 2 x Z 2 as 
a D8-brane on T 6 . 

7 In the usual orbifold language, the twisted charges F tw do not appear as such, but are encoded in 
the matrices 70, 7^ acting on the Chan-Paton degrees of freedom. In this paper we are using a geometric 
approach which does not make use of the explicit form of jg and 7^, but it would be interesting to 
rederive our results from this more standard procedure. 
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Similarly, il 5 and F h will be the only quantities to consider when checking the con- 
sistency of a coisotropic D8-brane model. More precisely, in the present T 6 /Z 2 x Z 2 
orbifold background the zero modes of the RR Cg and C 5 forms are projected out, and a 
coisotropic D8-brane may only contribute to C7 RR divergences via its induced untwisted 
D6-brane charge [nf 15 ]. If in addition we mod out our theory by the orientifold action 
WZ(— 1) Fl specified by (3.22), the only surviving components of C 7 will be those of the 
form (CV) x i x 2 x 3 and {C-j) x i y j y k, yielding four independent RR tadpole conditions. 

In order to write down such conditions, let us consider a configuration made up of 
fractional D6 and coisotropic D8-branes, with topological data 

D6, : Ni (nj,mj)i x (n?,m?) 2 x (ra?,m?) 3 

D8 a : ^K.m^xK 1 ,^,^ 1 ,^ 

D8 6 : N b (nlml) 2 x(n x b x ,n xy ,n yx ,n yy ) 31 (3.32) 

D8 C : N e (nlml) s x(n?,n?,n?,n?) a 

where, following the conventions in [4] , the number of D-branes is normalized such that 
N a is an even number yielding a U (N a /2) gauge group. Cancellation of RR tadpoles then 
reads 

N in ]n^ - N a n\n yy - N h n\nf - N c n\nf = 16 
Ninlmlml - N a n\rf a x + N b m 2 b n x b y + N c m 3 c n y c x = -16 
N im \n\m\ + N a m\nf - N b n 2 b n x b x + N c m 3 c n x c y = -16 (3.33) 
Nim]mln\ + N a m l a n x a y + N h m 2 b n yx - N c n 3 c n xx = -16 

i,a,b,c 

where we have also included the contribution of the 06-planes introduced by the orientifold 
quotient. 

In addition, in this class of orientifold backgrounds there may be extra consistency 
conditions which are invisible to one- loop divergences in the worldsheet. Such extra 
constraints take into account the cancellation of those D-brane charges which cannot 
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be detected by supergravity, but only by a K-theory computation or by using D-brane 
probes [30]. For the Z 2 x Z 2 orientifold at hand and for D6-branes at angles, these extra 
constraints were computed in [5]. One can repeat the same D-brane probe argument to 
include D8-branes, obtaining 

iViTO-m?m- - N a mlnl x - N b m 2 b n b x - N c m\n xx = mod 4 

i,a,b,c 

Nim]n?r$ - N a m} a n y a y + N b n 2 b n yx + N c n\n xy = mod 4 

i,a,b,c 

Ninlmfn? + N a n\n xy - N b m 2 b n y b y + N c n\nf = mod 4 (3.34) 

N^nlm* + N a n l a nf + N b n 2 b n xy - N c m 3 c n y = mod 4 

which imply the cancellation of K-theoretical Z 2 charges that both D6 and D8-branes 
may carry. Finally, the CFT analysis of [31] suggests that certain coisotropic D8-branes 
could carry additional Z 2 charges, again invisible to supergravity. As stated in [31], it 
is not clear if such additional Z 2 charges could give rise to extra consistency constraints 
or if (3.33) and (3.34) gather all the consistency conditions of our compactification. For 
simplicity, we will consider the latter to be the case and leave the analysis of the full set 
of torsional K-theory charges for future work. 

4 Coisotropic branes and chirality 

One interesting property of coisotropic D8-branes is that, just like intersecting D6-branes, 
they give rise to chiral fermions upon compactification. Recall that, in the intersecting D6- 
brane framework, chiral fermions arise at the intersection locus of the 3-cycles n^ 6a and 
n^ 6i> that two D6-branes wrap. These intersections are points in the internal manifold 
Me, and they naturally give rise to D = 4 fermions in the effective theory [32]. The 
multiplicity of chiral fermions is given by the signed number of intersections 

i ab = [nf •] o [nf >] (4.i) 

which only depends on the D6-brane homological charges [n^ 6a ] and [n^ 66 ]. 
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If we now consider two D8-branes D8 a and D8& they may also intersect, but they would 
do so in a 4-cycle £4 and there is a priori no reason to expect D = 4 chirality to arise 
from such intersection. However, because coisotropic D8-branes carry a worldvolume flux 
F, there will be a relative flux F a b = Ft, — F a coupling to the open strings in the D8 a D8{> 
sector. This flux will modify the internal Dirac index of the D = 8 theory compactified 
on £4 and, in particular, it will be a source of D = 4 chirality via the coupling J s ^ F^ b . 
The same story will apply to a D6 a -D8& system. Now the intersection locus is given by a 
2-cycle S2 , and a natural source of D = 4 chirality will be given by the quantity f s F^. 

We thus see that, when including D8-branes into the picture, the source of chirality in 
type IIA compactifications is not only given by the intersection of D-branes, but rather 
by a combination of intersection and magnetization mechanism. This reminds of the case 
of type IIB theory, where such combination also arises from compactification with D5 or 
D7-branes. From the type IIB literature we know that computing the chiral spectrum 
in those cases may be quite involved, and that it requires describing our D-branes as 
coherent sheaves and computing the so-called 'Ext' groups among them [33]. In principle 
we could apply a similar procedure to compute the matter content of our D8 a -D8j, and 
D6 a -D8f, system. However, we will see below that for coisotropic D8-branes on T 6 /Z2 x Z2 
the number of chiral fermions can be expressed in a rather simple way. Indeed, let [n^ 8 ] 
be the D6-brane charge induced on a coisotropic D8-brane. Then the net chirality on a 
D8 a -D8 b and D6 a -D8 fe system is given by 

I ab = [Hf •] o [Hf >] and I ab = [Hf •] o [Hf >] (4.2) 

respectively. In fact, we would expect such expressions to be valid for general Calabi-Yau 
manifold M. e . Notice that when [nf 8 ] is trivial in the homology of Mq then any of these 
intersection numbers will vanish, but then our D8-brane could never be a BPS object. 
Hence the source of stability for a coisotropic D8-brane (i.e., the worldvolume flux F) 
turns out to be also the source of D = 4 chirality. 
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Figure 3: Chirality from a D6-D6 system on T 6 /Z2 x Z 2 . 
4.1 D6-D6 chirality 

Let us first review the case where chirality arises from two intersecting D6-branes. The 
simplest case is that of T 6 = T 2 x T 2 x T 2 and two D6-branes at angles 

D6 a : N a (n 1 a ,m 1 a ) l x (n 2 ,m 2 ) 2 x (n 3 a ,m 3 a ) 3 
D6 b : N b (n\,m\)i x {n 2 b ,m 2 h ) 2 x (ng,mj}) 3 

yielding a gauge group U(N a ) x U(N{,). The number of chiral fermions in the bifundamen- 
tal representation (N a ,Nb) is given by the intersection number (4.1), which is computed 
by taking the Poincare dual 3-forms 



(4.4) 



u a = ~{ n \dy l — m l a dx l ) A [n 2 a dy 2 — m 2 dx 2 ) A (n^dy 3 — m 3 a dx 3 ) 
= —{n\dy l — mldx 1 ) A (ufdy 2 — mldx 2 ) A (n^dy 3 — m 3 dx 3 ) 

and integrating them over T 6 to yield 

/- = / M„= K< - nX) ■ - M ■ (M - nlK) (4.5, 

When considering the orbifold T 6 /Z 2 x Z 2 the situation is more involved but, as 
shown in [4] by means of CFT arguments, the number of chiral fermions is again given by 
(4.5), and the only difference is that the gauge group is now U(N a /2) x U(Nb/2). Let us 
rederive this result by the more geometric approach followed in [28]. Since N a is an even 
number, we can separate a stack of N a /2 D6 a -branes away from the fixed points on (T 2 )i, 
the remaining N a /2 D6 a -branes being their images under 6. We can repeat the same 
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procedure with iV&/2 D6;,-branes, without changing the gauge group or chiral spectrum 
of our configuration [34] (see figure 3). Just like the fractional D8-brane discussed above, 
these D6-branes see the geometry (T 2 )x x T 4 /^ , so they wrap a 3-cycle of the form 

D6 a : N a /2 (ni,mi)i x (|n^ + 

m ea : ^fem^x^-lny (4.6) 

where a = a,b and we have decomposed a minimal 2-cycle of T 4 /Z 2 as in (3.27). Again, 
the relative sign in follows from the specific choice of discrete torsion rj = 1 in (3.29). 

In order to compute the chiral spectrum we sum over the intersections of D6 a D6?, and 
D6 a D6 eb , the other two sectors being mapped to these by the action of 9. We then find 

i ab = [nf 6 -] o [nf »} + [nf •] o [nf »] 

= (-( n l m l - n l m D) ■ {-{ n l m l - n b m l) ■ ( n l m l - n l m D) 

where we have used the fact that [U\ J o K3 [n* 2 w Q ] = and that the embedding of H 2 (T 4 , Z) 
into H 2 (K3, Z) involves a factor of two [28]. 8 Finally, one can check that both summands 
in the first line of (4.7) have the same sign, and so there is no vector-like pairs arising 
from the D6-D6 system. 

4.2 D6-D8 chirality 

Let us now consider a D6 a -D8f> system on T 6 . In particular, let us take the case where 
the direction not filled by the D8-brane is on (T 2 )j, so that we have 

D6 a : N a (n 1 a ,m 1 a ) l x (n 2 a ,m 2 a ) 2 x (n 3 a ,m 3 a ) 3 
D8 6 : N b (niM)iX(nF,n?,nF,n™) jk 

as illustrated in figure 4, with % — 1. Both D-branes intersect \n % a m % h — n\m\\ times on 
(T 2 )j, and each intersection is a T 2 of the form n^ 6a = {{n^mP^j x (nj, mj) j^}. Thus, 

each intersection can be seen as a D = 6 theory compactified on T 2 , with aD = 6 chiral 
8 Recall that in our conventions J( T2 y dy l A dx % = 1 (see footnote 4), and so there is a relative sign 
with respect to the usual intersection product used for T 2 . 
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Figure 4: Chirality from a D6-D8 system on T 6 . 

fermion arising from the D6 a D8ft sector. Such D = 6 theory is deformed by the presence of 
a relative flux F a b, which is nothing but the pull-back of F D8b on IT^ 6 ". The multiplicity 
of chiral fermions associated to the Landau levels of this toron system is given by the 
index 

/ F b = [ u a A F b = [nf •] o T4 [nf »} = IT (4.9) 

where u a is the Poincare dual of IT^ 611 on T 4 . If we multiply this spectrum by the number 
of intersections on (T 2 )« we arrive to the total multiplicity 

lot = i£ 2)i -C )jk = [nflofnf^] (4.io) 

as advanced in (4.2). In terms of the integer numbers (4.8) we have a total of 

Lb = -Kml - nlmi) ■ (n{n k a n x b x + <rn k a n x b y + m 3 a n k a n\ x + m{m k a nf) (4.11) 

chiral multiplets transforming in the bifundamental representation (N a ,Nb). 

In order to compute the chiral spectrum of the D6 a -D8fe system in the T 6 /Z,2 x Z2 
orbifold we can follow the same strategy used for intersecting D6-branes. We separate 
both D6 and D8-branes away from the Z2 x Z2 fixed points on one of the two-tori, say 
(T )i, and then we describe them as fractional branes on T 2 x T 4 /Z2. The main difference 
with the computation of 1^ is that now n^ 6 " and F b have each a component from the 
twisted sectors of K3. However, the twisted contributions to J^ 3 will cancel once that 
we have summed over the sectors D8& and D8gb, and so we will recover (4.11). The only 
difference with T 6 will be that now the gauge group is given by U(N a /2) x U(Nb/2), and 
so (4.11) indicates the number of chiral multiplets in the representation (N a /2, A^/2). 
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Figure 5: Chirality from a D8-D8 system on T 6 . 
4.3 D8-D8 chirality 

Finally, let us consider a D8 a -D8f, system. On T 6 our coisotropic D8-branes are described 
by 

D8 a : N a (ni,mi)iX(n x a x ,n x a y ,nl x ,niy) jk 
D8 b : N h {4M)i>*{n xx ,n x \nl\nf) r « 
where {ijk} and {i'j'k'} are both even permutations of {123}. Although D8 a and D8& 
will always intersect on a T 4 , we can distinguish between two different cases: 

• i = i' [figure 5, i)] 

In this case D8 a and D8& intersect \n % a m % h — n l b m % a \ on (T 2 )j, and they overlap on 
(T 2 )j x (T 2 )^. On each intersection we have a D = 8 gauge theory compactified on 
T 4 , with a relative flux F ab = F b — F a acting on the D8 a D8f, sector. The multiplicity 
associated to the Landau levels of this compactification is now given by 

-\ j (F b - F a f = (n x b x - nl x ){nf - „«) - (nf - nf )(nf - nf) (4.13) 

and so the total number of chiral fermions is 

-(n>* - nlmi) ■ ((n x b x - n x a x ){nf - <) - (nf - <^)(nf - <)) (4.14) 
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• i ^ i' [figure 5, 

In this case both D8-branes intersect just once and the T 4 where they overlap is of 
the form (T 4 ) ab = (n a ,m a ) x (n b ,m b ) x (T 2 ) fe , with i ^ k ^ i'. The multiplicity of 
the D8 a D8 fe is now given by the integral 

~ f(T*) ab U F b ~~ F a) 2 = /(n' ,m')x( Il '',mj')x(T2)/<' A ' F 6 

= J T6 (n l a dy % — m a dx l ) A F a A (n b dy 1 ' — m^dx 1 ') A F b 

= J tsWu ah = [n 3 D8 lo[nfi 

(4.15) 

where [u a ] is the Poincare dual of [n^ 8 "]. In terms of the D8-brane quanta (4.12) 
we have, for i' = j, 

Lb = nim({n y a y nl x - n yx nf ) - m a ^{n xx n v b v - n xy n b y ) 
-rj a rj b \nl x n y b x - n xy n x b x ) - m\m b \n yy n b y - n yx n y b y ) 

and for i' = k we just need to interchange (i <-> i') and (a <-> 6) in (4.16) in order to 
compute —I ab . 

Notice that (4.16) can be put in the form (4.2), but that this is not the case for (4.14). 
This is because T 6 contains non-trivial 5 and 1-cycles, and so there are non-trivial RR 
charges associated to both D8 and D4-branes wrapped on such cycles. One would expect 
such charges to play a role when computing the chiral spectrum of a compactification, in 
the same sense that a D4-D8 system gives rise to D — 4 chirality when both D-branes 
have a non-trivial intersection. In Calabi-Yau manifolds with b± — the only conserved 
charges should be related to 3-cycles n 3 and then we should be able to compute the chiral 
spectrum of a D8-D8 system by means of (4.2). 

This is indeed the case of T 6 /Z 2 x Z 2 , which we now analyze. We again describe our 
fractional D8-branes in terms of the covering space T 2 x T 4 /Z 2 , as shown in figure 2. 
Recall that now F a and F b are 2-forms in K3 and that they are mapped to (3.30) by the 
action of 9, so that we have 

D8 a : NJ2 x K3, F* = \F* + \F^ 

D8, a : NJ2 (-<, -mi), x K3, Ff a = -\F* + \F^ (4.17) 

pb _ n xx ^ x j A ^ x k _|_ n xy faj A ^yk _|_ n yx Jyj ^ fak + n yy Jyj ^ ^ y k 
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Figure 6: Chirality from a D8-D8 system on T 6 /Z 2 x Z 2 . 

Adding up the contributions from the D8 a -D8;, and D8e a -D8b sectors of figure 6 we arrive 
to a chiral spectrum given by 

I ab = (nX - nim*) " (Jks 5 W - F a? ~ I K3 ~ F e a f) 

= -«mi-nlmi)-J K3 F^A(F^-FQ (4.18) 
= -«ml ~ nlmi) ■ \ J K3 F b b A F a b = [nf •] o [nf 

which can indeed be expressed as the intersection product of two 3-cycles. As usual, this 
quantity only depends on the bulk wrapping and magnetic numbers (4.12), in terms of 
which it reads 

I ab = (nimi - njmi) • (nf + n™n? - nfnf - nf n^) (4.19) 

Finally, the same procedure can be applied to the D8-D8 system of figure 5, ii) in 
order to compute its chiral spectrum when embedded in T 6 /Z2 x In this case the 
computation parallels those of the D6-D6 and D6-D8 systems, in the sense that the 
contributions coming from twisted sectors cancel each other and we end up with the 
intersection number I ab again given by (4.16). 
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4.4 Summary 

Let us summarize the above results on the chiral spectrum arising from D6-branes at 
angles and coisotropic D8-branes. Although now there are several possibilities in order to 
produce chirality from a pair of D-branes, finding the chiral spectrum of a compactification 
always boils down to compute the intersection number 1^ between two homology classes 
of 3-cycles [IT3] and As advanced in (4.1) and (4.2), such 3-cycles may correspond 

to those wrapped by a D6-brane [nf 6 ] or to the D6-brane charge which is dissolved into 
a coisotropic D8-brane [nf 8 ]. 

Because of the choice of discrete torsion taken on the T 6 /Z 2 x Z 2 background, neither 
the D6-branes nor the D8-branes carry any twisted charge, and so the homological charges 
[LT^ 6 ] and [Ilf 8 ] can be understood in terms of (a subsector of) the T 6 cohomology. This 
implies that the intersection numbers I a b can be expressed in terms of the wrapping and 
magnetic numbers (3.32) that define a D6-brane at angles or a coisotropic D8-brane in 
T 2 x T 2 x T 2 . In particular, they take the expressions (4.5), (4.11), (4.16) or (4.19) 
depending on which particular pair of D-branes we are considering. 

Once these intersection numbers have been computed, everything works as in the case 
of D6-branes at angles discussed in [4]. In particular, because we are performing the 
same orientifold projection that introduces 06-planes in our theory, we need to consider 
the D6's and D8's orientifold images. In the case of the D8-branes, this means that we 
need to add the images (3.23) in our compactification and that we must also compute 
the intersection numbers l a b'- Finally, the D6 a -D6 a / and D8 a -D8 a / sectors may give rise 
to symmetric and/or antisymmetric chiral matter, and this part of the spectrum also 
depends on the intersection number I aQ between [II^ 6 ] , [Ilf 8 ] and the 06-plane homology 
class, given by 




[(1,0) (1,0) (1,0)] + [(1,0) (0,1) (0,-1)] 



+ [(0,1) (1,0) (0,-1)] + [(0,1) (0,-1) (1,0)]. 



(4.20) 



Such chiral spectrum is then summarized by table 3. 
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Sector 


Representation 


aa 


U(N a /2) vector multiplct 


ab + ba 


I a b (Da, □(>) chiral multiplets 


ab' + b'a 


I a b' (da, Ob) chiral multiplets 


aa' + a' a 


2(^00'— 4/ a o) □□ chiral multiplets 
^{I aa ' +4/ a o) chiral multiplets 



Table 3: Gauge groups and chiral spectrum spectrum for = 1 intersecting D6-branes and 
coisotropic D8-branes in the T 6 /(Z2 x Z2) orientifold considered in this paper. 

5 Effective field theory 

Having constructed BPS coisotropic D8-branes in T 6 and in the T 6 /Z 2 x Z 2 orientifold, 
we would now like to understand what is the effective field theory associated to them. 
In particular, we would like to derive the expressions for the F and D-terms that appear 
when the supersymmetry conditions (2.8) are no longer met. As usual, these quantities 
can be extracted from the scalar potential generated in the D = 4 effective theory and, 
more precisely, from the contribution of the D8-brane DBI action to such scalar potential. 

We have already encountered an effective field theory quantity in the previous section, 
namely the spectrum of D = 4 chiral fermions arising from a D8-brane when intersecting 
others. In that case we found that everything depends on the D6-brane induced charge 
on the D8-brane, so one may wonder if this also true for any other quantity. We will 
see that this is indeed the case for some elements of the effective field theory, like the 
gauge kinetic functions, Fayet-Iliopoulos terms and massive f/(l)'s of a D8-brane and 
that, in these cases, everything works like for a D6-brane wrapping a non-factorizable 
3-cycle. On the other hand, there will be important differences when analyzing the D = 4 
superpotential. In particular, we will see that a open-closed superpotential will couple the 
D8-brane moduli to the Kahler moduli of the compactification, and that the generation 
of Yukawa couplings may or may not involve world-sheet instantons. 

Because our coisotropic D8-branes do not carry any RR twisted charge and we are 
working in the orbifold limit, all the effective theory quantities will depend on the toroidal 
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D8-branes charges (3.18) and on the closed untwisted moduli of the compactification. 
Recall that in the IIA orientifold that we are considering there are three untwisted Kahler 
moduli Tj, defined in terms of the complexified Kahler form J c as shown in (3. 3). 9 The 
remaining moduli are the dilaton S and the three complex structure moduli Ui, which 
can be encoded in the complexified 3-form [35] 

(4vrV) 3/2 tt c = C 3 + iRe (CO) (5.1) 

where in our conventions C = e~^. The RR 3-form C 3 is to be expanded in a basis of 
3-forms invariant under the orientifold action. In our case, 

Q c = iS dx 1 A dx 2 Adx 3 -i ^ U i dx * A d V j A d V k ■ ( 5 - 2 ) 
It then follows that 

Re S = e-tRiRzRa ; Re U t = e'* RiRjR k TjT k ,i + j + k . (5.3) 
For future purposes we introduce the four- dimensional dilaton given by 

e^* = — = (Re S Re U x Re U 2 Re U 3 ) , (5.4) 

where V = R\R\R\tiT2T 3 is the volume of the internal T 6 in string units. 

The effective action for a Dp-brane is the sum of two terms. The first is the Dirac- 
Born-Infeld action given by 

5 DBI = -/i p j d p+1 i e"^ Tr y/det{G + B + 27ra'F) , (5.5) 

where is the D-brane worldvolume. As usual, G and B are the pullbacks of the 

corresponding _D=10 tensors, whereas F is the worldvolume field strength. The second 
term is the Chern-Simons action 

Scs = -V P [ CAe f , (5.6) 

where C is a formal sum of RR forms. 

9 In this section we will express the real part of these Kahler moduli as ReTi = Rfn, where R t is the 
compactification radius in the x l direction (in units of 27rv / a 7 ) and Tj has been defined in (3.2). 
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As usual, these quantities simplify for D-branes on tori or toroidal orbifolds. For 
instance, if we consider a D8 a -brane with data given by (3.18), we can derive the useful 
result, 

det (G + ^)| n5 = {A^a'fRlRlRl {{<? + K^) 2 ) [(„«* - nf r^) 2 + + nf nf 

+ ^i^-<^r+<x y i 2 ] (5.7) 

j k 

where |n 5 stands for the pull-back on the 5-cycle that the D8-brane is wrapping. Observe 
that using the F and D-flatness conditions (3.17) and (3.21) leads to 

/ v / det(G + .F) = / T A Re SI = 2na' [ F A Reft (5.8) 
Jn 5 Jn 5 Ju 5 

where we have used that the 5-field is a (l,l)-form and hence BAfl = 0. As we will shortly 
explain, moving away from these supersymmetry conditions allows instead to deduce F 
and D-terms in the scalar potential. 

5.1 Gauge coupling constants 

Let us consider a type II compactification, and a gauge theory arising from a Dp-brane 
wrapping a (p — 3)-cycle Hps on the internal manifold. One basic question is which is the 
gauge coupling constant of such theory. As it is well known, this follows from reducing 
the Dirac-Born-Infeld action (5.5) over the compact n p _ 3 , and reading the gauge coupling 
from the resulting D=4 action. In this way we obtain the general result [36] 

% = (2tt) 3 -V^ / e"Vdet(G + :F) (5.9) 

In an M=l supersymmetric theory it must be that l/gp is given by the real part of the 
holomorphic gauge kinetic function f p . Furthermore, the imaginary part of f p determines 
the axionic couplings. These couplings can be derived from reducing the Chern-Simons 
action (5.6) over n p _3 and so, eventually, Im/ P can be also deduced. For instance, for a 
D6-brane, Im/ 6 ~ f n C 3 , whereas for a coisotropic D8-brane, 

Im/ 8 = --L(4n 2 a>)- 3/2 [ C 3 A f . (5.10) 

Z7T J u ATT 
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Clearly, Im/ 8 depends linearly on the imaginary part of the complex structure moduli 
that come from the RR 3-form. On the other hand, Re /g seems to have a complicated de- 
pendence on the NSNS piece of the moduli. However, once the supersymmetric conditions 
are used we can easily reconstruct the holomorphic gauge function. 
Indeed, substituting eq.(5.8) in the gauge coupling constant gives 

Ref 8 = \ = ^(4vrVr 3 / 2 [ f A Re (e"*fi) . (5.11) 
so combining with the imaginary part yields 

h = -— I —An c = -—[ Q c (5.12) 
27r J U5 2% 2tc J[n 3 ] 

where [n 3 ] is the Poincare dual of [F/2tt] in n 5 . It is thus clear that the gauge kinetic 
function only depends on the D6-brane charge induced on the coisotropic D8-brane. 

In particular, in our toroidal compactification we can use (5.2) to express Q c in terms 
of the moduli, so that for the D8 a -brane (3.18) we obtain 

ha = - nTu t ) - KK*^ + n ?u k ) (5.13) 

which explicitly shows that fs a is a holomorphic function of the dilaton and the com- 
plex structure moduli. In addition, using the dictionary (3.19) one can check that this 
expression matches the one obtained in [37] for intersecting D6-branes. 

5.2 Scalar potential 

Basically, the contribution of a Dp-brane to the scalar potential of an effective theory can 
be computed from its tension, as derived from the Dirac-Born-Infeld action. For example, 
for a coisotropic D8-brane we have 

Vm = /i 8 / e 4 ^e-Vdet(G + ^) . (5.14) 

where the factor e 4 ^ 4 appears because the action term is actually J d A x^fg Vbs? 9yv being 
the 4-dimensional metric in Einstein frame. In the toroidal compactification the four- 
dimensional dilaton is given by (5.4). 
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To proceed further, we consider a D8 a brane for which the Dirac-Born-Infeld deter- 
minant is computed in (5.7). As in [17], it is convenient to define D-term and F-term 
densities as 

e'^Re {T A Q) | n 5 = (4tt V) 5/2 a dvoln 5 , 

e~Hm {T A Q) |n B = (4vrV) 5/2 P a rfvoln 5 , (5.15) 
{F + iJ) 2 \ T i = (4ttV) 2 Q a dvol T 4 . 

These quantities have been basically computed in (3.17) and (3.20). Explicitly, 

a = [-niin^ReS-n^ReU^-miinYReUj + n^ReUk)] , 



™> y a rn> x a x « y n a n y a x 



D a , (5.16) 



ReUi ReS ReUj ReU k 
Q a = \T 3 T k - n?n? + <*<] , 

where we have also used (5.3) and (5.4). Notice that 6 a = Re/ 8a . 
The next step is to identify the terms in (5.7) to arrive at 

V B8a = /i 8 (47rV) 5/2 e 4 ^v / 0^ + ^ + e- 2 1l^|| 2 |Qa| 2 , (5.17) 
where ||^i|| 2 = 4:7i 2 a'R] {{n a ) 2 + (m^r,) 2 ). Expanding the square root readily gives 

v ^^i^ + wi\ + e '™' ? + -') (5 - i8) 

This expansion supports the interpretation of the supersymmetry constraints Im (T A 
f2) = and (T + iJ) 2 = as D-flatness and F-flatness conditions. On the other hand, 
imposing the supersymmetry conditions leaves only the first term in (5.18). In fact, 
in a supersymmetric configuration this term will cancel against the contribution of the 
orientifold planes given by 

K„ = -16e 4 ^e-^||£ „|| • (5.19) 
In the T 6 /Z 2 x Z 2 orientifold that we are considering 

= RiR2Rs(l + r 2 r 3 + r 3 ri + nr 2 ) . (5.20) 

and so it is easy to check that the RR tadpole cancellation conditions (3.33) imply the van- 
ishing of the full potential of a supersymmetric brane setup. This is the usual statement 
that, by supersymmetry, NSNS tadpoles will also cancel in this compactification. 
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In the scalar potential (5.18) we clearly identify a D-term appearing in the standard 
supergravity form Vp = ^D a D a , where D a = e 2<?i4 P a up to normalization, and the index 
a is raised with the gauge metric (Re/ga) -1 - in the case of D6-branes, the analogous D- 
term corresponds to Fayet-Iliopoulos terms associated to the D-branes U(l) factors [37,38] 
(see also [28,39]). It is clear that the similar result should hold here, since we could 
obtain (5.16) by replacing the magnetized D8-brane by a non-factorizable D6-brane whose 
wrapping numbers are given by (3.19). 

On the other hand, the scalar potential also includes an F-term contribution, namely 

y = 1 6 Of!!] . (5.21) 

F 16ttV 2 V 2 Re/ 8a 1 ; 

In the following we will argue that this F-term is due to a superpotential 

W= 2 /L 2 XQ a , (5.22) 

where Q a depends on closed Kahler moduli as shown in (5.16), whereas X is an open string 
modulus of the coisotropic D8 a -brane. The task is to show that V F is of the standard 
form 



e K R XX 



dW\ 2 



(5.23) 



dX , 

where K is the Kahler potential of the closed and open moduli and, as usual, K AB is the 
inverse of K^ B = d^d B K. 

First, the Kahler potential has the general structure 

K = K + K xX XX + -- - , (5.24) 

with K and K X x depending only on the closed moduli. For K we have the well-known 
tree-level result 

3 3 

K — — \og{S + S)-J2 log(^i + Ui)-J2 10 S(^ + T i) (5.25) 

i=i %=\ 

and so, to first order in X, 

e K = —— + ■■■ . (5.26) 
128V 3 V ; 

Second, we need to determine K xx , and our strategy will be to compute the kinetic 
energy of the open string modulus, i.e. K xx d^Xd^X, from the Dirac-Born-Infeld action. 

34 



Let us first identify the open string modulus X. To simplify the discussion we will 
consider a fractional D8 a -brane wrapping the 5-cycle (1, 0)i x ((T 2 ) 2 x (T 2 ) 3 )/Z 2 (see 
section 3.2). Then, the obvious moduli of our D8-brane in the D8 a D8 a sector are the 
position y 1 of (1, 0)i in (T 2 )i, and the Wilson line A\ along the unique 1-cycle (1, 0)i. 
These two real moduli can be arranged into a complex field as 

X = Rjn y 1 + iA 1 (5.27) 

where the factor of ReTi in ReX is necessary in order to obtain a canonical kinetic 
energy. In fact, upon reducing the Dirac-Born-Infeld action the terms quadratic in space- 
time derivatives of y l and A 1 , in Einstein frame, turn out to be 

1 e 2ft> r- 

— - — v^Re f 8a {Rtfd^Py 1 + R^d,A 1 d»A 1 ) (5.28) 

where the factor of Re / 8o basically comes from the integral over the 5-cycle that can be 
performed using (5.7) plus the supersymmetry constraints. 
Then, from the kinetic terms we obtain 

1 e 2(t > 

A '« = ww Re/8 "' (5 ' 29) 

since, in the case at hand, ||^|| 2 = R\. This is enough to check that the scalar potential 
Vf has the expected form (5.23). Indeed, collecting previous results we find 

e K K xx = + ■■■ , 5.30 

32 V 2 Re/ 8a 1 ; 

to first order in X. Finally, the proposed superpotential obviously verifies ^ ~ 2a- 

To summarize, we find that for a coisotropic D8-brane (3.18) the worldvolume flux 
F induces a superpotential linear in its open string modulus Xi which, as in the case 
of D6-branes, is a combination of transverse position and Wilson line in (T 2 )j. Such 
superpotential also involves the Kahler moduli of the compactification, and has the general 
form 

W = X^TjTk - n) (5.31) 

where n comes from integrating F 2 over (T 2 )j x (T 2 ) fc . Such type of superpotentials have 
also been obtained in the case of magnetized D7-branes [40,41]. 
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In general, the existence of a open-closed string superpotential is quite an interesting 
feature of a D-brane model and, in principle, it may provide new sources of moduli 
stabilization. Naively, one would say that in the presence of a superpotential of the form 
(5.31) the Kahler moduli should be fixed as TjT k = n, which is precisely the F-flatness 
condition for our D8-brane. One should be however careful, because there could be extra 
superpotential terms involving X { and then this naive picture could be complicated. For 
instance, we have analyzed the open string modulus X{, which exists for any fractional 
D8 a -brane on (n l a ,m l a )i x ((T 2 )j x (T 2 )fc)/Z 2 . However, there could be extra open string 
moduli, say Xj and X k , coupling as 

W x = XtXjX,, (5.32) 
as is the case for D6-branes [4,26]. Then the F-flatness condition for X; L would read 

9{W d + x Wx) = (TjT k + XjX k - n) = (5.33) 

and hence the deviation of the Kahler moduli from the BPS condition could be com- 
pensated by giving a vev to open string moduli. Notice that this phenomenon is quite 
analogous to the case of D-terms for D6-branes, where the scalar potential does not fix 
the complex structure moduli of the compactification, but only a combination of closed 
and open string moduli. In this sense, the fact that XjX k take a vev could be interpreted 
as some kind of D8-brane recombination. 

Notice also that, as a byproduct of our analysis, we have determined the Kahler metric 
of the open string field X. This metric has a very simple expression as function of the 
closed moduli. For instance, for a D8 a -brane wrapping (l,0)i x (T 2 ) 2 x (T 2 ) 3 we find 



n 



xx yy 



Kxx ~ WReT\ [r^S ~ RJuJ ■ (5 ' 34) 
If the 5-cycle is instead (0, l)i x (T 2 ) 2 x (T 2 ) 3 the metric is given by 

K xx = + . (5.35) 

xx 47ra'Re7i \ReU 2 ReU 3 J K ' 

In general, we just need to apply eq.(5.29). For magnetized D7-branes the open moduli 
metric has been discussed in [40-44]. 
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5.3 Massive £/(l)'s 

The axionic coupling (5.10) not only enters in the gauge kinetic function of the effective 
theory, but it is also an important ingredient in the cancellation of U{\) anomalies through 
a generalized Green-Schwarz mechanism [45]. One can see that the imaginary parts of 
the dilaton (S = U ) and the complex structure moduli couple to the D = 4 gauge field 
strengths as 

3 

J2d a L lmU L Tr(F a AF a ) . (5.36) 

L=0 

For instance, if F a arises from the coisotropic D8 a , with data given in (3.18) and i — 1, 
we find the coefficients 

dl = (-nyy, -njnf, m\nf , m\n^) . (5.37) 

In order to cancel U{\) anomalies we also need B A TrF a couplings, which can also 
be obtained from the Chern-Simons action. Indeed, from (5.6) we obtain couplings of the 
form 

3 

TrF a A / TNC h = Vc^B L ATrF a . (5.38) 
Ju s L=0 

where the B L are 2-forms dual to the 0-forms lmU L . In the example above (i = 1) the 
coefficients c a L are given by 

c a L = {-N a m l a nl\ -Naming, N a nl< y , AU>f) • (5.39) 

Obviously, these couplings exist only for Abelian U(l) factors. 
The couplings (5.36) and (5.38) give a contribution 

E c ^' ( 5 - 4 °) 

L 

to mixed and cubic U(l) a anomalies. Once the RR tadpole conditions (3.33) have been im- 
posed, this piece will cancel the remaining triangle anomalies due to the charged massless 
fermions in the spectrum. In fact, the U(1)-SU(N) 2 anomaly cancellation works exactly 
like in the case of D6-branes, so we refer the reader to the original references [2,46] for a 
detailed computation. 
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Figure 7: Yukawa couplings in intersecting D6-branes involve a sum over triangle shaped 
instantons. 

As usual, when the terms B A Tr F a do not vanish, there will be combinations of U(l) 
factors that acquire a mass. A generic U(l) generator Q = 'Y^ li S s iQii where Qi arises from 
the i th stack, will remain massless provided that 



which guarantees that the corresponding £7(1) does not couple to any RR 2-forms B^. 
5.4 Yukawa couplings 

Other effective field theory quantities of obvious interest are the Yukawa couplings among 
chiral fields. In the case of intersecting D6-branes, the flavor- dependent contribution to 
the Yukawa couplings is given by a sum over worldsheet instantons [2] (see fig. 7). The 
couplings among three chiral fields labeled a, (3, 7, have the qualitative form 



where i — 1, 2, 3, labels the three tori and A^lki) is the area of the triangular instantons 
on each of them. This sum was shown in [7] to be equal to a product of Jacobi theta- 
functions in the toroidal/orbifold case. The type I mirror of these orientifolds consists of 
D5-branes and magnetized D9-branes, and the Yukawa couplings come from a pure field- 
theoretical calculation. They are given by the overlap integral over the 6 extra dimensions 
of the three wave functions of the zero modes a, [3, 7, i.e., 




(5.41) 




(5.42) 




(5.43) 
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Figure 8: Yukawa couplings involving two D6-branes and one D8 contain contributions 
both from instantons (first torus in the figure) and integrals over overlapping wave func- 
tions. 

where some of the wavefunctions are delta functions when D5-branes are involved in the 
Yukawa coupling. As checked in [47] , this computation yields the expected T-dual of the 
computation in terms of intersecting D6-branes. 

In the presence of coisotropic D8-branes we find three new different classes of brane 
configurations giving rise to Yukawa couplings among chiral fields. In these cases, the 
origin of Yukawa couplings turns out to be a combination of the above two mechanisms. 
The three new classes are as follows: 

a) Yukawa couplings involving two D6's and one D8. 

This is depicted in fig. 8 for the case of a D8-brane with the 1-cycle in the first 
torus. The Yukawa coupling will have two factors, one contribution coming from a 
sum over triangle instantons in the first torus (see the figure) and the other from 
the overlap integral of wave functions over the second and third torus. One thus 
has a structure for the couplings of the form 



where the wavefunctions have only support in the D-brane intersections. In par- 
ticular, the wavefunction arising from the D6D6 sector will be a delta function on 



Y 




(5.44) 
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Figure 9: The two general classes of Yukawa couplings in configurations with two D8's 
and one D6. In the first one there are contributions from a sum over instantons and 
overlap integrals. In the second case there is no sum over instantons. 

b) Yukawa couplings involving two D8's and one D6. 

This is depicted in fig. 9. As shown in the figure, there are two classes of config- 
urations of this type. In the first the 1-cycle of both D8-branes are in the same 
torus, i.e. (T 2 )!. In this case the structure of the Yukawa couplings is similar to 
the previous case and the Yukawa coupling has the general form in eq.(5.44). In the 
second case in the figure there is no sum over instantons and the structure is rather 
as in eq.(5.43). 

c) Yukawa couplings involving three D8's. 

In this case there are three possible configurations of the D8's, as shown in fig. 10. 
In the first configuration again we have a sum over instantons in one of the tori 
((T 2 )i in the figure) and the Yukawa coupling will be given by an expression as in 
eq.(5.44). In the other two cases we will have an expression as in eq.(5.43). 

It would be interesting to see which kind of textures yield these new classes of Yukawa 
couplings. However, a detailed computation of these Yukawa couplings goes beyond the 
scope of this paper, and is left for future work. 
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Figure 10: The three general classes of Yukawa couplings involving three D8's. 

6 Coisotropic model building 

The coisotropic D8-branes discussed in the previous sections turn out to be interesting 
from the model building point of view. One of the reasons is that coisotropic D8-branes 
have induced D6-brane charges corresponding to non-factorizable 3-cycles. This allows 
for new ways to cancel RR tadpoles in constructions giving rise to a MSSM-like spectrum. 
In addition the presence of an appropriate set of coisotropic D8-branes give rise to super- 
potential couplings involving the Kahler moduli and may be useful in order to fix them. 
We postpone for future work a systematic analysis of the model-building possibilities of 
this new tool, but we will present here two examples of Z2 x Z2 orientifold models with 
both D8- and D6-branes and a chiral spectrum close to that of a 3-generation MSSM-like 
model. In the first example the MSSM fields will reside on a set of intersecting D6-branes 
and the addition of a stack of coisotropic D8-branes will ensure RR tadpole cancellations. 
In the second example the MSSM fields will reside at the intersection of both D8- and 
D6-branes and extra coisotropic D8-branes will be added both to cancel tadpoles and 
provide superpotential couplings for the untwisted Kahler moduli. 



41 



6.1 An MSSM-like model 

The first model will be based on one of the 'triangle quiver' toroidal models discussed in 
section 4.4 of ref. [23], concretely, that with (3 2 = 1 (see that reference for details). In 
this model the third torus is not a square but a 'tilted' torus. The extension of this set 
of D6-branes to the Z 2 x Z 2 orientifold case is simply done by doubling the number of 
D6-branes as in [4]. We thus have D6-branes with wrapping numbers as in table 4. 



N a B Pa 


D8 Q : (n^m^i x n£», ng , n™) jk 
D6 a : (nl,ml)i(nl,ml) 2 (n 3 a ,m 3 a ) 3 


N a = 6 D6 Q 


(l,0)i(3,l) 2 (3,-l/2) 3 


N b = 4 D6,, 


(1,1)1(1,0)2(1,-1/2)3 


iV c = 2 D6 C 


(0,l)i(0,-l)2(2,0)3 


N d = 2 D6 d 


(l,0)i(3,l)2(3,-l/2)3 


AT M = 4 D8 X 


(-1, -3, -2, -5)12 x (-3,1/2)3 



Table 4: Set of D6 and coisotropic D8-branes giving rise to the MSSM-like model in the text. 

One can easily check that the set of D6-branes in this model are not enough to cancel 
RR-tadpoles. In particular, their contribution to each of the 4 tadpoles is respectively 
(76,-4,-2,-4) whereas that of the orientifold planes is (—16,8,8,16) 10 . In order to 
cancel tadpoles we need branes contributing charges as (—60, —4, —6, —12). A very eco- 
nomical possibility is to add a stack of 4 coisotropic D8-branes M (and their corresponding 
images under the orientifold operation) as shown in the table. One can easily check that 
indeed this simple addition cancels all tadpoles. All D-branes in the model preserve the 
same Af=l SUSY for appropriate choices of the complex structure moduli. In particular 
the D-term conditions are 

2ti = 2t 2 = t 3 ; Tir 2 T 3 = 18ti + 12r 2 + 5r 3 (6.1) 

which are obeyed for T\ = r 2 = r 3 /2 = \^20. A superpotential of the form 

W m = X 3 (1-T 1 T 2 ) (6.2) 

10 Note that the second and third orientifold charges are halved due to the tilting of the third torus. 
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is created due to the presence of the D8-brane. In absence of the superpotential (5.32) or 
for fixed extra D8-brane moduli, this would constrain the T 12 Kahler moduli to satisfy 
7\T 2 = I. 



Intersection 


Matter fields 




Qa 


Qb 


Qc 


Qd 


Qm 


Qy 


ab 


Ql 


(3,2) 


1 


-1 











1/6 


ab' 


qL 


2(3,2) 


1 


1 











1/6 


ac 


u R 


3(3,1) 


-1 





1 








-2/3 


ac' 


Dr 


3(3,1) 


-1 





-1 








1/3 


bd 


L 


(1,2) 





-1 





1 





-1/2 


bd' 


I 


2(1,2) 





1 





1 





-1/2 


cd 


Nr 


3(1,1) 








1 


-1 








cd! 


Er 


3(1,1) 








-1 


-1 





1 


be 


H 


(1,2) 





-1 


1 








-1/2 


be' 


H 


(1,2) 





-1 


-1 








1/2 


bM 


F 


3(1, 2; 2 M ) 





-1 








1 





bM* 


F 


2(1, 2; 2 m ) 





1 








1 





cM 


G 


5(1,1; 2 m ) 








-1 





1 


1/2 


cM* 


G 


5(1,1; 2 m ) 








1 





1 


-1/2 



Table 5: Chiral spectrum of the MSSM-like model discussed in the text. The hyperchargc 
generator is defined as Qy = \Qa — \Qc — \Qd- 

The gauge group is initially U(3) c xU(2) l xU(1)b~l xU(1)r xlf(2) M - However, three 
out of the 5 £/(l)'s are anomalous and only the hypercharge and an additional U(l) (the 
one characteristic of left-right symmetric models) survives the B A F couplings described 
in the last section, remaining as massless C/(l)'s. The chiral spectrum is shown in table 5 
and consists of the content of the MSSM plus some additional SM doublets and singlets. 
Further antisymmetric and symmetric U(2)m chiral fields uncharged under the SM exist 
which we do not display. 
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This model, which is of phenomenological interest by itself, exemplifies how coisotropic 
D8-branes may be a useful tool for model-building purposes. In this example the role of 
the D8 was auxiliary, in the sense that it helped in cancelling RR tadpoles and restricting 
Kahler moduli but the MSSM fields reside on D6-branes. Models analogous to this in 
which MSSM fields live on D8-branes can also be constructed. This is illustrated in 
the next example in which also additional D8-branes are appended in order to provide 
superpotential couplings for the untwisted Kahler moduli. 

6.2 A left-right symmetric MSSM-like model 

In our second example the brane structure is reminiscent of the MSSM-like D6-brane con- 
figuration introduced in [6,7] and first included in a tadpole free global Z 2 x Z 2 orientifold 
compactification in [5]. Consider a D8-D6 brane configuration as listed in table 6. 





D8 Q : (ni,mi)i x n%> , n™) ik 
D6 Q : «,mj,)i(n| )m |) 2 (n3 )m 3) 3 


N a = 6 + 2 D8 a 


(1,0)! X (l,3,-3,-10) 2 3 


N b = 2 D6,, 


(0,1)1(1,0)2(0,-1)3 


iV c = 2 D6 C 


(0,1)1(0,-1)2(1,0)3 


N M =4 D6 M 


(-2,1) 1 (-3,1) 2 (-3,1) 3 


N x =2 D8 X 


(1,0)2 X (1,0,0,-2)31 


N Y = 2 D8y 


(1,0)3 x (l,0,0,-2)i 2 



Table 6: Set of D6 and coisotropic D8-branes giving rise to the left-right symmetric MSSM-like 
model in the text. 

The stacks of branes a, b, c, contain the SM gauge group and particles whereas the 
stacks M, X, and Y are auxiliary branes whose mission is helping in cancelling tadpoles. 
In addition the D8's X and Y also contribute to the fixing of the three untwisted Kahler 
moduli Tj. Note that the coisotropic D8-branes involved in the model have induced D6- 
charge given by a sum of two factorized cycles: 

D8 a : (1, 0)i x (1, 3, -3, -10) 23 = (1, 0)i x [(3, 1)(3, -1) + (1, 0)(1, 0)] 
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D8 X : (1, 0) 2 x (1, 0, 0, -2) 31 = (1, 0) 2 x [(0, 1)(0, -1) + (2, 0)(1, 0)] 
D8y : (1, 0) 3 x (1, 0, 0, -2) 12 = (1, 0) 3 x [(0, 1)(0, -1) + (2, 0)(1, 0)] 



Intersection 


Matter fields 




Qa 


Qd 


Qm 


ab 


Ql 


3(3,2,1) 


1 








ac 


Qr 


3(3,1,2) 


-1 








bd 


L 


3(1,2,1) 





-1 





cd 


R 


3(1,1,2) 





1 





be 


H 


(1,2,2) 











bM 


F 


6(1,2,1;2 M ) 








-1 


cM 


G 


6(1,1, 2; 2 M ) 








-1 



Table 7: Chiral spectrum of the MSSM-like left-right symmetric model discussed in the text. 

One can easily check that all RR-tadpoles cancel and that, for appropriate choices of 
closed string moduli, all these branes preserve the same Af—1 SUSY as the orientifold 
background. The D8-branes a and d give rise to a group SU(3) C x U(1)b-l x U{\)b+l, 
where the latter U(l) is anomalous and becomes massive as usual through the D = 4 
Green-Schwarz mechanism. The D6-branes b and c sit on top of the horizontal orientifold 
plane and carry symplectic groups, in the case at hand one has USp(2) L x USp(2) R 
corresponding to a left-right symmetric gauge group SU(2) L x SU(2) R . Finally, the D8- 
brane M gives rise to an extra non-Abelian factor U(2) M . 

It is easy to compute the chiral spectrum in this model and find that the chiral 
spectrum with respect to the gauge group SU(3) C x SU(2) L x SU(2) R x U(1)b-l has 
quantum numbers as shown in table 7, i.e. three generations of quarks and leptons. They 
correspond to open strings in between the branes a, d and b, c. In addition there are 
exotic leptons/Higgsses 6(2 M ,2 L ) + 6(2 M ,2 R ) corresponding to open strings in between 
the brane M and b, c. However, such exotic matter can be higgsed away by giving a vev to 
the symmetric or to the antisymmetric fields charged under U(2)m, and which arise from 
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open strings stretched between M and its orientifold image M' . From the field theory 
point of view, these vevs trigger the gauge symmetry breaking U(2)m SO(2)m and 
U(2)m — > SU(2) M , respectively, after which 6(2 M ,2 L ) + 6(2 M ,2 R ) can acquire a mass. 
From a geometric point of view, such process corresponds to a D-brane recombination 
M + M' — > M, and one can see that the intersection product of M with the branes b and 
c vanishes. Finally, such D-brane recombination occurs spontaneously in a large region of 
the complex structure moduli space, as can be deduced from the Fl-terms of this model. 

Notice that a, b, c, d brane structure is analogous to the MSSM-like model constructed 
in [5-7]. Similar to the latter, the MSSM Higgs sector arises from the open strings 
stretched between the D-branes b and c, which overlap in the first complex dimension and 
hence give rise to a non-chiral sector of the spectrum. In addition to the above chiral 
fields, there are further SM singlets which we do not display. 

The D-term conditions give in the present example 

t~2 = r 3 ; t x t 2 t z = 9ti + 6r 2 + 6r 3 . (6.3) 

Recall that one cannot conclude that the complex structure moduli are fixed to obey 
these constraints, since a deviation from these equations give rise to a Fl-terms whose 
contribution to the vacuum energy will be cancelled by vevs of chiral matter at the 
intersections. In this case gauge symmetry breaking will take place corresponding to 
brane recombination, but only some linear combinations of complex structure moduli 
and matter scalars are in fact fixed. On the other hand the presence of the a, X and Y 
D8-branes give rise to a superpotential of the form 

W m = X«{1 - T 2 T 3 ) + X 2 X (2 - T,T 3 ) + X 3 y (2 - T\T 2 ) (6.4) 

where Xf ,x,Y are the geometric + Wilson line open string moduli. Note that for fixed 
open string moduli this would fix the three untwisted Kahler moduli to the values 

ReT\=2 ; Re T 2 = Re T 3 = 1 ; ImT^ = . (6.5) 

One can play around with the magnetic fluxes to get other models with larger Kahler 
moduli but recall that, unlike the case of moduli fixing through closed string fluxes, the 
present models correspond to CFT's and hence we do not need to work in the large volume 
limit approximation. 
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7 Coisotropic branes and Mirror symmetry 

As emphasized at the introduction, coisotropic branes were first introduced in order to 
correctly formulate Kontsevich's Homological Mirror Symmetry conjecture. Although 
we have not made use of this fact anywhere along our discussion, a natural question is 
how these new type IIA vacua look upon applying mirror symmetry. In particular, if 
coisotropic D8-branes in CY 3 's have not been considered before and they are mapped to 
type IIB Dp-branes by the mirror map, one may wonder if we have been missing any kind 
of D-brane in type IIB constructions. This question is particularly meaningful in the case 
of simple T 6 /Z2 x Z 2 orientifolds, where the mirror map is well understood and chiral 
D-brane vacua have been constructed in both type IIA and type IIB sides. 

In the following, we will answer this question for the type IIA T 6 /Z 2 x Z 2 orientifold 
considered in this paper, originally introduced in terms of its type I mirror [48]. We 
will see that the type I duals of a coisotropic D8-branes can either be a tilted D5-brane 
or a magnetized D9-brane, the magnetic flux involved in the latter being rather exotic. 
Finally, we will make use of the web of T-dualities to show that coisotropic D8-branes are 
also related to a new class of special Lagrangian D6-branes in T 6 /Z 2 x Z 2 , which have so 
far not been considered in the construction of Af = 1 chiral type IIA vacua. 

7.1 Mirror symmetry to type I 

We will first illustrate how mirror symmetry works by looking at a rather simple example, 
so let us consider type IIA compactified on T 6 and the BPS, coisotropic D8-brane given 
by 

B 5 = (l,0) lX (T 2 ) 2 x(T 2 )3 
F/2-k = dx 2 A dx 3 - dy 2 A dy 3 

also considered at the beginning of section 3. If we orientifold this theory by QR(— 
with TZ given by (3.22), we will introduce an 06-plane on the directions {x 1 , x 2 , x 3 }. 
Hence, in order to map this setup to type I theory compactified on T 6 , we need to 
perform three T-dualities on the directions {y 1 , y 2 , y 3 }. 

How the D8-brane transforms under these three T-dualities is illustrated in figure 11. 
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Figure 11: Mirror symmetry for the coisotropic D8-brane (7.1). 

A T-duality along y l is trivial and only maps the D8-brane to a D9-brane with the same 
worldvolume flux F. In order to perform the second T-duality we conveniently relabel 
the coordinates as in the figure, in order not to have components of F which mix different 
T 2 factors. The T-duality along y 2 is then simply deduced from the usual map between 
torons and branes at angles [32], obtaining a D8-brane tilted in the {y 2 , y 3 } plane. Finally, 
applying the same kind of map we recover a D9-brane with worldvolume flux 

F/2vr = dx 2 A dx 3 + dy 2 A dy 3 . (7.2) 

One of the advantages of this type I picture is that it is easy to work out the orientifold 
image of such D-brane. Type I theory can be simply seen as type IIB modded out by 
the world-sheet parity Q, which acts in the D9-brane worldvolume flux as Q : F —>■ —F. 
Taking the image of (7.2) and undoing the previous three T-dualities we arrive to the 
coisotropic D8-brane 

IT 5 = (-l,0) lX (T 2 ) 2 x(T 2 )3 
F/2tt = -dx 2 A dx 3 + dy 2 A dy 3 
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in agreement with (3.23). In addition, one can understand the BPS conditions (3.7) from 
this mirror picture. Indeed, in the case of type IIB compactified in a Calabi-Yau and in the 
presence of 09-planes and/or 05-planes, the supersymmetry conditions for a D9-brane 
read [10] 

D- flatness ^F 3 = \.J 2 NT 

3! 2 (74) 

F — flatness T^ 2) = 

While the D-flatness condition is trivial for (7.2), the F-flatness condition requires F to 
be a (l,l)-form on the D9-brane worldvolume. It is easy to see that, if we parameterize 
our complex structure moduli as dz^ = dx j +iijdyi (where tj is now a complex number), 
this implies that t 2 • t3 = 1, which is the mirror condition to (3.7). 

Type I compactifications on magnetized tori have been considered long ago [49]. More 
recently, magnetic fluxes of the form (7.2) have appeared in the context of type I theory 
compactified either on T 6 [50] or K3 [51]. Now, if we want to describe the mirror of our 
type IIA vacua on T 6 /Z 2 x Z 2 we need to consider type I theory compactified on the 
T 6 /Z 2 x Z 2 orbifold with opposite choice of discrete torsion, and embed our magnetized 
D9-brane in such background. While it may seem that this still is a close relative of the 
constructions in [50,51], there is actually an important difference. Namely, the 2-form flux 
(7.2) is cohomologically non-trivial in the case of T 6 and of T 2 x K3, but it becomes trivial 
for T 6 /Z 2 x Z 2 . In particular, the orbifold group generator (3.24) acts as 9 : F — > — F 
when applied to (7.2), so F is not even well-defined as a 2-form in T 6 /Z 2 x Z 2 . Of course, 
this is not a problem for our orbifold construction, because F needs to be well-defined 
in terms of the D9-branes, and not in terms of the closed string background. 11 On the 
other hand, F 2 can be seen as a well-defined, non-trivial representative of a T 6 /Z 2 x Z 2 
cohomology class. 

One can get a better intuition of what these facts mean by looking at the induced D- 
brane charges of our magnetized D9-brane and, in particular, by going back to the original 
type IIA mirror construction. For instance, the fact that F is trivial in cohomology will 
imply that the induced charge of D7-brane will vanish, and this statement is mirror to 
11 More precisely, for each D9-brane with worldvolume flux F we will need to add a 6*-image D9-brane 
with worldvolume flux — F, so that we can quotient our theory by Z 2 x Z 2 . 
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the fact that our coisotropic D8-brane is wrapping a 5-cycle n 5 trivial in homology. More 
precisely, 

type IIB type IIA 



[F] trivial 

[n 6 ] non — trivial 
[F 2 ] non — trivial 



[n 5 ] trivial 

[nf 2 ] trivial (7.5) 
[Ilf ] Non - trivial 



where n 6 is the 6-cycle wrapped by the D9-brane plus its orientifold images. To sum 
up, there is a conceptual difference between embedding the worldvolume flux (7.2) in 
T 6 /Z 2 x Z 2 with respect to T 6 or T 2 x K3. Such difference is the same than constructing 
a coisotropic D8-brane in a homologically trivial 5-cycle of a proper CY 3 rather than in 
T 6 or in T 2 x K3, where coisotropic branes were already known to exist. 

For our purposes, however, the really interesting property of T 6 /Z 2 x Z 2 with respect 
to T 6 or K3 is that we can construct D=4, Af—1 type I string vacua. Those vacua will 
contain D=4 chiral fermions if we introduce non-trivial worldvolume fluxes in our D9- 
branes, even in the case of the more exotic bundles of the form (7.2). That this is the 
case was proved in Section 4 by means of the mirror type IIA picture, but it can also be 
done directly in type I by generalizing the techniques of [52] to toroidal orbifolds. We will 
not attempt to give such general description here, but rather illustrate how to construct 
new D=4, M=l chiral models in type I by describing the mirror of one of the models of 
the previous section. 

In particular, let us consider the MSSM-like model constructed in table 6. If we first 
consider the Pati-Salam sector of the theory, i.e., branes a, b and c we see that only the 
D-brane stack a changes with respect to the local model in [7]. In the type I picture, such 
D8-brane becomes a stack of 10 D9-branes with worldvolume flux 

F a /2n = (J^(dx 2 A dx 3 + dy 2 A dy 3 ) + j^(dx 2 A dy 2 - dx 3 A dy 3 )^j • 1 10 (7.6) 

This flux will break the initial Z7(10) gauge group down to U{\), via non-Abelian Wilson 
lines (see, e.g., [47]), so in fact we will need 4 times this D9-brane content to generate the 
desired U(3) x U(l) gauge symmetry and, when embedding our model in T 6 /Z 2 x Z 2 , 
a total of 80 D9-branes will be needed. Incidentally, notice that in the case of (7.6) 6 
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does not map F a to — F a , but only some components get 'projected out'. On the other 
hand, F 2 = —dx 2 A dy 2 A dx 3 A dy 3 , is well-defined and implies that a D5i-brane charge is 
induced on the D9-brane. 12 Finally, one can check that both supersymmetry conditions 
in (7.4) will be satisfied once that we pick t 2 • t 3 = 1 and Area(T 2 ) 2 = Area(T 2 ) 3 . 

The SU(2) L x SU (2) R symmetry of the model arises from the D-branes b and c which, 
in the type I picture, correspond to a D5 2 and a D5 3 , respectively. Triplication of families 
can then be understood from the fact that 

/ trF a = - / trF a = 3 (7.7) 

and the Higgs sector of the theory will arise from open strings stretching between D5f, 
and D5 C , just like in [47]. 

The rest of the model goes as follows. The D-brane M corresponds to 4 x 18 anti-D9- 
branes, which are nevertheless BPS because of the worldvolume flux 



F M /2ix = [l-dx 1 A dy 1 + ]-dx 2 A dy 2 + ]-dx 3 A dy 3 ) J • 1 18 
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and a certain choice of Kahler moduli. The D-branes X and Y both correspond to 2 x 2 
D9-branes of the form 

F xx /2n = (dx* A dx j + ^dy { A dy j ^j ■ 1 2 (7.9) 

Finally, we need to add the images of all these D-branes under Q. 

Let us also stress that coisotropic D8-branes are not always taken to magnetized D9- 
branes under the mirror map. Let us consider the D8-brane 

IT 5 = (0,l) lX (T 2 ) 2 x(T 2 ) 3 
F/2-k = -dx 2 A dy 3 + dx 3 A dy 2 

and again apply three T-dualities on the directions {y 1 , y 2 , y 3 }. Following the same kind 
of argument than in figure 11, we obtain a D5-brane wrapping the 2-cycle 

)(x 2 ,y 3 ) X (1, l)(x 3 ,j/ 2 ) (7. 11) 



12 Here we are using the usual model building notation, by which D5j stands for a D5-branc wrapped 
on the i th complex dimension, and D7i stands for a D7-brane transverse to the same complex dimension. 
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and with vanishing worldvolume flux F. For the particular choice of complex structure 
moduli t 2 = t 3 = 1 this becomes a holomorphic two-cycle, given by z 2 = iz 3 , and 
which is the required condition for F-flatness [10]. Unlike in the case of a D5j-brane, the 
holomorphicity of the tilted D5-brane (7.11) is non-trivial, and this eventually generates 
a superpotential for the complex structure moduli. In general, one can see that (7.11) is 
holomorphic whenever t 2 • t 3 = 1, as we would expect from the mirror BPS conditions. 

7.2 Back to type IIA 

An interesting property of the T 6 /Z 2 x Z 2 orientifold considered in this paper is that by 
performing four T-dualities of the form {x 1 , y l , x\ yi} we recover the same closed string 
background. This means that if we construct a BPS D-brane in T 6 /Z 2 x Z 2 and we apply 
these four T-dualities, we will obtain a new BPS D-brane in the same orientifold, although 
the values of the closed string moduli may now be different. 

We would like to apply this observation to the coisotropic D8-branes constructed in this 
paper, in order to see if new BPS D-branes can be constructed. Let us then again consider 
the BPS D8-brane (7.10) and apply four T-dualities in the coordinates {x 1 , y 1 , x 2 , y 2 }. A 
similar reasoning than the one carried in figure 11 takes us to a D6-brane wrapping the 
3-cycle 13 

n 3 = (l,0) (;r i i2/ i) x (1, 1)^2^3) x (1,1)^3^2) (7.12) 

which, despite being a BPS D6-brane, is not one of the usual D6-branes at angles con- 
sidered in the literature. Indeed, by appropriately choosing the closed string moduli of 
T 6 /Z 2 x Z 2 , (7.12) will be related to the 06-planes by means of a SU(3) rotation. Away 
from this point (7.12) will no longer be a special Lagrangian, but not because it is not 
calibrated by Ref2, but instead because it is no longer a Lagrangian 3-cycle. That is, just 
like coisotropic D8-branes, the D6-branes of the form (7.12) develop non-trivial F-terms 
via the failure of the BPS conditions (2.2). Given the complexified Kahler form (3.3) it is 
easy to see that the F-flatness condition is satisfied whenever the untwisted Kahler moduli 
satisfy T 2 = T 3 . Notice that, unlike the case of coisotropic D8-branes, this is compatible 

with the limit where all Kahler moduli are arbitrarily large. 

13 See [53] for a detailed discussion on similar T-duality computations. 
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Notice that (7.12) by itself is not well-defined in T 6 /Z 2 x Z 2 , but that we need to 
include its image under 9 in order to have an invariant object under the orbifold group. 
The image 3-cycle is given by 

0(n 3 ) = (l,0) (x l, y l) X (1,-1)^3) X (1,-1)^3^2) (7.13) 

which will be a special Lagrangian if (7.12) is. Of course, when embedded in T 6 /Z 2 x Z 2 , 
(7.12) and (7.13) should be thought of 3-cycles on the covering space T 2 x K3. In any 
case, one can see that the homology class of the union of both 3-cycles is given by 

[n 3 u£(n 3 )] = [(i,o) 1 ]®[(i,o) 2 (i,o) 3 + (o,i) 3 (o,i) 2 ] 

= [(1,0) 1 ]®[(1,0) 2 (1,0) 3 + (0,1) 2 (0,-1) 3 ] (7.14) 

which is exactly the D6-brane charge carried by the coisotropic D8-brane (7.1). Notice 
that both D-branes (7.1) and (7.12) are mutually BPS only for the particular choice of 
Kahler moduli T 2 = T 3 = 1. 

To sum up, by applying four T-dualities on a coisotropic D8-brane we have found a 
new class of special Lagrangian D6-branes, whose 'special' condition is always satisfied 
but its Lagrangian condition is not. This is quite remarkable, given the fact that we 
usually encounter the opposite behavior for D6-branes intersecting at angles. Just like in 
the case of coisotropic D8-branes, this exotic D6-brane carries a D6-brane charge which is 
a sum of two factorizable 3-cycles (i.e., those of the form (n 1 , m 1 )i x (n 2 , m 2 ) 2 x (n 3 , m 3 ) 3 ) 
while nevertheless being an exact CFT boundary state. It is clear that one can construct 
many more D6-branes of this kind, so it would be interesting to see which new model 
building possibilities are opened up by the existence of these less conventional D6-branes. 

8 Conclusions and Outlook 

Type IIA D=4 chiral vacua constructed up to now have been mostly based on intersecting 
D6-branes wrapping special Lagrangian 3-cycles. In this paper we have argued that in 
type IIA Calabi-Yau orientifolds there are other BPS objects, namely D8-branes wrapping 
coisotropic 5-cycles, which have so far been neglected and which seem to have interesting 
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model-building features. These branes wrap 5-cycles in the CY 3 which are trivial in 
homology, but still are stable BPS objects due to the D6-brane charge induced by magnetic 
fluxes on their worldvolume. At the intersection of a D8 with another D8 or a D6 chiral 
fermions appear, chirality being generated by a combination of intersecting/magnetized 
brane mechanisms. Obviously, this new way of creating D=4 chirality makes coisotropic 
D8-branes an interesting tool for constructing new phenomenologically relevant string 
vacua. 

We have analyzed in detail the case where our CY3 is given by a Z2 x Z2 type IIA 
orientifold. We have worked out the chiral spectrum and effective action (gauge kinetic 
function, scalar potential, Fl-terms, U(l) anomaly cancellation) for sets of coisotropic 
D8-branes and additional D6-branes in this background, and we have also studied the 
general form of Yukawa couplings among chiral fields. These couplings are generated 
by a combination of wave-function overlapping (a la Kaluza-Klein) and world-sheet in- 
stanton contributions, which might furnish new possibilities for the flavor dependence of 
Yukawa couplings in realistic compactifications. Thus, it would clearly be interesting to 
make a general exploration of patterns of Yukawa couplings in realistic models including 
coisotropic D8-branes. Another interesting feature of the D8-branes in this orientifold is 
that they carry a D6-brane charge which is not of the factorized form (3-cycle) = (1-cycle) 
x (1-cycle) x (1-cycle) in the underlying T 2 x T 2 x T 2 . This opens new model-building 
possibilities not available to standard factorized D6-branes in this orientifold. 

The presence of coisotropic D8-branes leads to superpotential couplings linear in open 
string moduli Yj and bilinear in untwisted Kahler moduli of the general form Xi(TjTk—n). 
These couplings could be useful in order to fix Kahler moduli in specific models. In fact in 
the above orientifold model one could think that adding an appropriate set of coisotropic 
D8-branes one can actually fix all untwisted Kahler moduli. One must be careful, though, 
since in general there may be additional couplings of Yj to other open string moduli and 
the minimum of the potential could only fix a linear combination of Kahler and open 
string moduli, rather than just fixing the Kahler moduli. This is reminiscent of what 
happens with D-terms from D6-branes (and also D8-branes) which do not fix the complex 
structure moduli but rather a linear combination of those and charged chiral scalars. On 
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the other hand it is clear that in the presence of other sources of moduli superpotentials 
(like e.g. closed string RR and/or NS fluxes) the existence of these D8-brane-induced 
superpotentials could be quite useful in the general moduli stabilization program. In this 
connection it would be interesting to study the effect of RR fluxes, which are known to 
lead to additional Kahler-moduli dependent superpotentials, in models with coisotropic 
D8-branes. In a more speculative mode, other possible use of these D8-branes could 
be to help in supersymmetry breaking and the up-lifting of the AdS vacua. Indeed, 
the Kahler moduli-dependent superpotential induced by D8-branes are reminiscent of 
O'Rafertaigh superpotentials. An appropriate combination of D8-branes could thus help 
in the generation of a (possibly metastable) SUSY-breaking vacuum. This possibility 
should be worth studying. 

We have also found that the coisotropic D8-branes that we construct in the Z 2 x Z 2 
orientifold have well defined type I T-duals. They correspond either to certain tilted D5- 
branes or D9-branes with off-diagonal fluxes. One could also T-dualize to the case of type 
IIB with 03/07-planes. This could be interesting in order to make contact with the kind 
of models with closed string RR and NS fluxes which have been considered in order to 
fix all moduli in IIB orientifolds. On the other hand we have found that four T-dualities 
convert certain coisotropic D8-branes into a new class of BPS D6-branes not previously 
considered in the model-building literature. Interestingly enough, unlike the standard 
factorized D6-branes considered up to now, these D6-branes give rise to non-trivial F- 
term conditions of the type T« = Tj in these orientifolds and have also non-factorized RR 
D6-charge. Consideration of this new class of D6-branes could also be interesting from 
the model-building point of view and is at present under study. 

As an illustration of the model-building properties of coisotropic D8-branes we have 
presented two examples with a chiral spectrum very close to that of the MSSM, which are 
phenomenologically interesting in their own right. In the first model the MSSM branes 
are made of D6-branes and a stack of D8-branes helps in cancelling all RR tadpoles in 
a more efficient way that D6-branes would do. The second example provided is a D8- 
brane relative of the left-right symmetric D6-brane model constructed in [5-7] . A general 
statistical analysis of how easy it is to find consistent models of this second type and 
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how many have an MSSM-like spectrum in the present Z 2 x Z 2 orientifold constructions 
was performed in [54], and more recently in [55]. It is clear that if we take into account 
the freedom of adding coisotropic D8-branes in these constructions new possibilities (like 
the two MSSM-like examples discussed in this paper) will appear. Thus, presumably the 
landscape of MSSM-like models within the T 6 /Z 2 x Z 2 orientifold will be wider than we 
previously thought. 
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A Formal definition of coisotropic branes 

For completeness, in this appendix we state the formal definition of coisotropic A-brane, 
as originally described by Kapustin and Orlov. Our intention is not to give a full report 
on this subject, but rather to provide the basic definitions that connect our results with 
the topological A-brane literature. For a more detailed discussion we refer the reader to 
the original reference [8] and related literature [15,19,56,57]. 

Let us consider a symplectic manifold M, so that it contains a globally well-defined, 
non-degenerate, closed two-form J. Given a vector field X on M. we can map it to a 
1-form £x by the usual contraction of indices 

ix = ixJ (A.l) 

and, because of the properties of J, this map is an isomorphism. This means that we can 
define an inverse, J -1 , which maps 1-forms to vectors and, in general, covariant indices 
to contravariant indices. 

Let us now consider a submanifold Af C M. and define 

Ann TV = G T* M \ t P X<> = 0, VX G T M } (A.2) 

where TV is the tangent bundle of M . We then have the following definitions: 

• If J takes TV inside Ann TV =>• M is an isotropic submanifold 

• If J -1 takes Ann TV inside TV =>■ M is a coisotropic submanifold 

• If both conditions are satisfied =>- Af is a Lagrangian submanifold 

One can easily apply these conditions to the examples of coisotropic submanifolds 
given in the main text. If, for instance, we consider the D8-brane (3.5) then one has 

n 5 = (l,0) 1 x(T 2 ) 2 x(T 2 ) 3 

Tn 5 = (X\X\Y\X\Y*) (A.3) 
AnnTn 5 = (dy 1 ) 

and so, because J is given by (3.3), J(AnnT n5 ) = (X 1 ) C T n5 and so the manifold is 
coisotropic. Notice that embedding n 5 in T 6 /Z 2 x Z 2 does not change this conclusion. 
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While the definitions above are rather simple, in order to describe a coisotropic A- 
brane it is more convenient to use an alternative, equivalent definition of coisotropic 
submanifold. Let us first define the symplectic orthogonal bundle of M as 



(7V) J = {Y e T M I Y p J pa X° = 0, VX G T N } 



(A.4) 



and then define a coisotropic submanifold whenever (Tj^Y C TV- Because J is non- 
degenerate, this inclusion can only be an equality when M is middle-dimensional with 
respect to M., and in that case we are dealing with a Lagrangian submanifold. For the 
same reason, we can define the quotient bundle Tj^/(Tj^) j . In our example above, it is 
easy to see that {Tx) J = (A 1 ), and hence T^/(T^) J = T( T 2) 2X ( T 2) 3 . 

While the first supersymmetry condition for an A-brane is that it wraps a coisotropic 
submanifold, the other two involve the worldvolume flux T and they read: 

• T has no components on (Tj^) J , so it can be defined as a 2-form living in T^j (TV)" 7 

• J~ l F defines a complex structure on Tv/(Tv) J 

Finally, from these conditions one can show that T^/(T^) J has even complex dimension, 
and that if dim (M) = 2n, then dim (A/") = n + 2k, k e N. 

Let us check that those conditions are also satisfied for our canonical example (3.5). It 
is clear that T = B\u 5 + 2-rolF has no components on (Tn 5 ) J , so it only remains to check 
that J~ X T is a complex structure in Tj^/{Tj^) j = T( T 2) 2X ( X 2) 3 . Applying the definitions 
above we have that 
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and so it is easy to see that (J _1 JF) 2 = — 1 4 if and only if ImT 2 T 3 = and ReT 2 T 3 = 1, 
which is precisely the F-flatness condition in (3.6). 



58 



References 

[1] R. Blumenhagen, L. Gorlich, B. K6rs and D. Lust, "Noncommutative compactiftcations 
of type I strings on tori with magnetic background flux," JHEP 0010, 006 (2000), hep- 
th/0007024. 

[2] G. Aldazabal, S. Franco, L. E. Ibahez, R. Rabadan and A. M. Uranga, D = 4 chiral string 
compactiftcations from intersecting branes, J. Math. Phys. 42, 3103 (2001), hep-th/0011073. 
Intersecting Brane Worlds, JHEP 0102, 047 (2001), hep-ph/0011132. 

[3] A. M. Uranga, "Chiral four- dimensional string compactiftcations with intersecting D- 
branes," Class. Quant. Grav. 20, S373 (2003), hep-th/0301032. 
F. G. Marchesano Buznego, "Intersecting D-brane models," hep-th/0307252. 
E. Kiritsis, "D-branes in standard model building, gravity and cosmology, " Fortsch. Phys. 
52, 200 (2004), Phys. Rept. 421, 105 (2005 ERRAT,429,121-122.2006) hep-th/0310001. 
D. Lust, "Intersecting brane worlds: A path to the standard model?," Class. Quant. Grav. 
21, S1399 (2004), hep-th/0401156. 

R. Blumenhagen, M. Cvetic, P. Langacker and G. Shiu, "Toward realistic intersecting D- 
brane models," Ann. Rev. Nucl. Part. Sci. 55, 71 (2005) hep-th/0502005. 

[4] M. Cvetic, G. Shiu and A. M. Uranga, "Three-family supersymmetric standard like mod- 
els from intersecting brane worlds," Phys. Rev. Lett. 87, 201801 (2001), hep-th/0107143. 
"Chiral four- dimensional N = 1 supersymmetric type IIA orientifolds from intersecting 
D6-branes," Nucl. Phys. B 615, 3 (2001), hep-th/0107166. 

[5] F. Marchesano and G. Shiu, "MSSM vacua from flux compactiftcations, " Phys. Rev. D 71, 
011701 (2005), hep-th/0408059. "Building MSSM flux vacua," JHEP 0411, 041 (2004) 
[arXiv:hep-th/0409132]. 

[6] D. Cremades, L. E. Ibahez and F. Marchesano, "More about the standard model at inter- 
secting branes," hep-ph/0212048. 

[7] D. Cremades, L. E. Ibahez and F. Marchesano, "Yukawa couplings in intersecting D-brane 
models," JHEP 0307, 038 (2003), hep-th/0302105. 

[8] A. Kapustin and D. Orlov, "Remarks on A-branes, mirror symmetry, and the Fukaya 
category," J. Geom. Phys. 48, (2003), hep-th/0109098. 

59 



[9] L. J. Dixon, V. Kaplunovsky and C. Vafa, "On Four- Dimensional Gauge Theories From 
Type II Super strings," Nucl. Phys. B 294, 43 (1987). 

[10] M. Marino, R. Minasian, G. W. Moore and A. Strominger, "Nonlinear instantons from 
supersymmetric p-branes," JHEP 0001, 005 (2000), hep-th/9911206. 

[11] M. R. Douglas, "Branes within branes," hep-th/9512077. 

[12] C. Angelantonj, I. Antoniadis, E. Dudas and A. Sagnotti, "Type-I strings on magnetised 
orbifolds and brane transmutation," Phys. Lett. B 489, 223 (2000), hep-th/0007090. 

[13] E. Witten, "Chern-Simons gauge theory as a string theory," Prog. Math. 133, 637 (1995), 
hep-th/9207094. 

[14] P. Grange and R. Minasian, "Modified pure spinors and mirror symmetry, " Nucl. Phys. B 
732, 366 (2006), hep-th/0412086. 

[15] A. Kapustin and Y. Li, "Stability conditions for topological D-branes: A worldsheet ap- 
proach," hep-th/0311101. 

[16] L. Martucci and P. Smyth, "Supersymmetric D-branes and calibrations on general N = 1 
backgrounds," JHEP 0511, 048 (2005), hep-th/0507099. 

[17] L. Martucci, "D-branes on general N = 1 backgrounds: Superpotentials and D-terms, " hep- 
th/0602129. 

[18] S. Kachru, S. Katz, A. E. Lawrence and J. McGreevy, "Open string instantons and super- 
potentials," Phys. Rev. D 62, 026001 (2000) hep-th/9912151. "Mirror symmetry for open 
strings," Phys. Rev. D 62, 126005 (2000) hep-th/0006047. 

M. Aganagic and C. Vafa, "Mirror symmetry, D-branes and counting holomorphic discs," 
hep-th/0012041. 

[19] A. Kapustin and D. Orlov, "Lectures on mirror symmetry, derived categories, and D- 
branes, " math.ag/0308173. 

[20] M. Aldi and E. Zaslow, "Coisotropic branes, noncommutativity, and the mirror correspon- 
dence," JHEP 0506, 019 (2005), hep-th/0501247. 

[21] A. Kapustin and E. Witten, "Electric-magnetic duality and the geometric Langlands pro- 
gram, " hep-th/0604151. 



[22] R. Blumenhagen, V. Braun and R. Helling, "Bound states of D(2p)-D0 systems and super- 
symmetric p-cycles," Phys. Lett. B 510, 311 (2001), hep-th/0012157. 

[23] D. Cremades, L. E. Ibanez and F. Marchesano, "Intersecting brane models of particle physics 
and the Higgs mechanism," JHEP 0207, 022 (2002), hep-th/0203160. 

[24] R. Rabadan, "Branes at angles, towns, stability and super symmetry, " Nucl. Phys. B 620, 
152 (2002), hep-th/0107036. 

[25] M. R. Douglas and G. W. Moore, "D-branes, Quivers, and ALE Instantons, " hep- 
th/9603167. 

[26] M. R. Douglas, "D-branes and discrete torsion," hep-th/9807235. 

[27] J. Gomis, "D-branes on orbifolds with discrete torsion and topological obstruction, " JHEP 
0005, 006 (2000), hep-th/0001200. 

[28] R. Blumenhagen, V. Braun, B. Kors and D. Lust, "Orientifolds of K3 and Calabi-Yau 
manifolds with intersecting D-branes," JHEP 0207, 026 (2002), hep-th/0206038. 

[29] R. Blumenhagen, M. Cvetic, F. Marchesano and G. Shiu, "Chiral D-brane models with 
frozen open string moduli," JHEP 0503, 050 (2005), hep-th/0502095. 

[30] A. M. Uranga, "D-brane probes, RR tadpole cancellation and K-theory charge, " Nucl. Phys. 
B 598, 225 (2001), hep-th/0011048. 

[31] J. Maiden, G. Shiu and B. J. Stefanski, "D-brane spectrum and K-theory constraints of D 
= 4, N = 1 orientifolds," JHEP 0604, 052 (2006), hep-th/0602038. 

[32] M. Berkooz, M. R. Douglas and R. G. Leigh, "Branes intersecting at angles, " Nucl. Phys. 
B 480, 265 (1996), hep-th/9606139. 

[33] M. R. Douglas, "D-branes, categories and N = 1 super symmetry," J. Math. Phys. 42, 2818 
(2001), hep-th/0011017. 

S. Katz and E. Sharpe, "D-branes, open string vertex operators, and Ext groups, " Adv. 
Theor. Math. Phys. 6, 979 (2003), hep-th/0208104. 

[34] M. Cvetic, P. Langacker, T. j. Li and T. Liu, "D6-brane splitting on type II A orientifolds," 
Nucl. Phys. B 709, 241 (2005), hep-th/0407178. 



61 



[35] T. W. Grimm and J. Louis, The effective action of type IIA Calabi-Yau orientifolds, Nucl. 
Phys. B 718 (2005) 153, hep-th/0412277. 

[36] C. V. Johnson, "D-brane primer," hep-th/0007170. 

[37] D. Cremades, L. E. Ibahez and F. Marchesano, "SUSY quivers, intersecting branes and the 
modest hierarchy problem," JHEP 0207, 009 (2002), hep-th/0201205. 

[38] S. Kachru and J. McGreevy, 11 Super symmetric three-cycles and (super) symmetry breaking," 
Phys. Rev. D 61, 026001 (2000), hep-th/9908135. 

[39] G. Villadoro and F. Zwirner, D-terms from D-branes, gauge invariance and moduli stabi- 
lization in flux compactifications, JHEP 0603 (2006) 087, hep-th/0602120. 

[40] D. Lust, P. Mayr, S. Reffert and S. Stieberger, F-theory flux, destabilization of orientifolds 
and soft terms on D7-branes, Nucl. Phys. B 732 (2006) 243, hep-th/0501139. 

[41] H. Jockers and J. Louis, The effective action of Dl -branes in N = 1 Calabi-Yau orientifolds, 
Nucl. Phys. B 705, 167 (2005), hep-th/0409098. D-terms and F-terms from Dl-brane 
fluxes, Nucl. Phys. B 718, 203 (2005), hep-th/0502059. 

[42] D. Lust, P. Mayr, R. Richter and S. Stieberger, Scattering of gauge, matter, and moduli 
fields from intersecting branes, Nucl. Phys. B 696 (2004) 205, hep-th/0404134. 

[43] D. Lust, S. Reffert and S. Stieberger, MSSM with soft SUSY breaking terms from Dl-branes 
with fluxes, Nucl. Phys. B 727 (2005) 264, hep-th/0410074. 

[44] A. Font and L. E. Ibahez, SUSY-breaking soft terms in a MSSM magnetized Dl-brane 
model, JHEP 0503 (2005) 040,hep-th/0412150. 

[45] L. E. Ibahez, R. Rabadan and A. M. Uranga, "Anomalous U(l)'s in type I and type IIB D 
= 4, N = 1 string vacua," Nucl. Phys. B 542 1999 112, hep-th/9808139. 

[46] L. E. Ibahez, F. Marchesano and R. Rabadan, "Getting just the standard model at inter- 
secting branes," JHEP 0111, 002 (2001), hep-th/0105155. 

[47] D. Cremades, L. E. Ibahez and F. Marchesano, "Computing Yukawa couplings from mag- 
netized extra dimensions," JHEP 0405, 079 (2004), hep-th/0404229. 



62 



[48] M. Berkooz and R. G. Leigh, "A D = 4 N = 1 orbifold of type I strings, " Nucl. Phys. B 
483, 187 (1997), hep-th/9605049. 

[49] E. Witten, "Some Properties Of 0(32) Super strings," Phys. Lett. B 149, 351 (1984). 
C. Bachas, "A Way to break super symmetry," hep-th/9503030. 

[50] I. Antoniadis and T. Maillard, "Moduli Stabilization From Magnetic Fluxes In Type I String 
Theory," Nucl. Phys. B 716, 3 (2005), hep-th/0412008. 

[51] A. Kumar, S. Mukhopadhyay and K. Ray, "Moduli stabilization with non-Abelian fluxes," 
hep-th/0605083. 

[52] M. Bianchi and E. Trevigne, "The open story of the magnetic fluxes, " JHEP 0508, 034 
(2005), hep-th/0502147. 

[53] M. Bianchi and E. Trevigne, "Gauge thresholds in the presence of oblique magnetic fluxes, " 
JHEP 0601, 092 (2006), hep-th/0506080. 

[54] F. Gmeiner, R. Blumenhagen, G. Honecker, D. Lust and T. Weigand, "One in a billion: 
MSSM-like D-brane statistics", JHEP 0601 (2006) 004, hep-th/0510170. "The statistics 
of supersymmetric D-brane models" Nucl. Phys. B 713 (2005) 83, hep-th/0411173. 

[55] M. R. Douglas and W. Taylor, "The landscape of intersecting brane models", hep- 
th/0606109. 

[56] Y. G. Oh and J. S. Park, "Deformations of coisotropic submanifolds and strongly homotopy 
Lie algebroids," math.sg/0305292. 

[57] Y. G. Oh, "Geometry of coisotropic submanifolds in symplectic and Kdhler manifolds, " 
math.sg/0310482. 



63 



